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What will you learn from this book? 

Are you struggling to pass the AP Physics B exam? Is your college 
physics class giving you a headache? Do you wish you andersiood how 
the world around you really worked?「hen check out Head First Physics, 
a complete guide to algebra-based mechanics and practical physics. 

Physics is all about the world we live in, encompassing everything 
from conservation of energy to orbital behavior You’ll master 
scientific notation, SS units, vectors, Newton s laws, and circular and 
simple harmonic motion. 
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Why does this book look so different? 

We think your time is too valuable to spend struggling with new 
concepts. Using the latest research in cognitive science and learning 
theory to craft a nnilti-sensory learning experience, Head First 
Physics uses a visually ri(，h format designed for the way your brain 
works, not a text-heavy approach that puts you to sleep. 


1 It can be difficult to 
break students of the 
habit of memorizing, but 
the Head First approach 
encourages a deeper 
understanding of the 
material and gives 
students the tools tiiey 
need to break down 
complex problems into 
simpler ones. Definitely 
a help in solving AP 
Exam problems. M 

Dia ne fa qu ith } 
High School Physics Tear her 

“This is a truly remark¬ 
able book. The physics 
is taught clearly and 
without too mueli 
mathematics by looking 
at a series of well- 
clioseii real-life or 
comedy tasks. If math 
really doesn't turn 
you on, this is a great 
way to learn Physics! 

I didn't thinJfc it was 
possible to do some of 
this stuff without 
calculus, but Head First 
Physics has done it,” 

fohn Ail Islet; M.S. 

[Cm mbridge Univenityj 
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Advance Praise for Head First Physics 


“If you want to learn some physics, but you think it’s too difficult, buy this book! It will probably help, 
and if it doesn’t, you can always use it as a doorstop or hamster bedding or something. I wish I had a 
copy of this book when I was teaching physics.” 

— John Allister，physics teacher 


“Head First Physics has achieved the impossible - a serious textbook that makes physics fun. Students all 
over will be thinking like a physicist!” 

— Georgia Gale Grant，freelance science writer, communicator and broadcaster 


“Great graphics, clear explanations and some crazy real world problems to solve! This text is full of 
strategies and tips to attack problems. It encourages a team approach that’s so essential in today’s work 
world.” 


— Diane Jaquith，high school physics, chemistry and physical science teacher 


“This is an outstandingly good teacher masquerading as a physics book! You never feel phased if you 
don’t quite understand something the first time because you know it will be explained again in a different 
way and then repeated and reinforced. ’’ 

— Marion Lang，teacher 


“This book takes you by the hand and guides you through the world of physics.” 

一 Catriona Lang, teacher 


“Head First Physics really rocks - 1 never thought it was possible to enjoy learning physics so much! This 
book is about understanding and not about rote learning, so you can get to grips with the physics and 
remember it much better as a result.” 

_ Alice Pitt-Pitts 


Praise for other Head First academic titles 


“Head First Statistics is by far the most entertaining, attention-catching study guide on the market. By 
presenting the material in an engaging manner, it provides students with a comfortable way to learn an 
otherwise cumbersome subject. The explanation of the topics is presented in a manner comprehensible 
to students of all levels.” 

— Ariana Anderson, Teaching Fellow/PhD candidate in Statistics, UCLA 


“Head First is an intuitive way to understand statistics using simple, real-life examples that make learning 
fun and natural.” 

— Michael Prerau, computational neuroscientist and statistics instructor ， 
Boston University 


“Thought Head First was just for computer nerds? Try the brain-friendly way with statistics and you’ll 
change your mind. It really works.” 

— Andy Parker 

“This book is a great way for students to learn statistics — it is entertaining, comprehensive, and easy to 
understand. A perfect solution!” 

— Danielle Levitt 


“Down with dull statistics books! Even my cat liked this one.” 

— Cary Collett 



Praise for the Head First Approach 


“There are books you buy, books you keep, books you keep on your desk, and thanks to O’Reilly and the 
Head First crew, there is the ultimate category, Head First books. They’re the ones that are dog-eared, 
mangled, and carried everywhere. Head First SQL is at the top of my stack. Heck, even the PDF I have 
for review is tattered and torn.” 

— Bill Sawyer, ATG Curriculum Manager, Oracle 


“Elegant design is at the core of every chapter here, each concept conveyed with equal doses of 
pragmatism and wit.’’ 

— Ken Goldstein，Executive Vice President, Disney Online 


“I feel like a thousand pounds of books have just been lifted off of my head.” 

— Ward Cunningham, inventor of the Wiki and founder of the Hillside Group 


“This book’s admirable clarity, humor and substantial doses of clever make it the sort of book that helps 
even non-programmers think well about problem-solving.” 

— Cory Doctorow, co-editor of Boing Boing 
Author, Dozvn and Out in the Magic Kingdom 
and Someone Comes to Town，Someone Leaves Town 


“It’s fast, irreverent, fun, and engaging. Be careful~you might actually learn something!” 

— Ken Arnold, former Senior Engineer at Sun Microsystems 
Co-author (with James Gosling, creator of Java), The Java Programming 
Language 


“I received the book yesterday and started to read it...and I couldn’t stop. This is definitely tres ‘cool.’ It is 
fun, but they cover a lot of ground and they are right to the point. I’m really impressed.” 

— Erich Gamma, IBM Distinguished Engineer, and co-author of Design 
Patterns 


“One of the funniest and smartest books on software design I’ve ever read.” 

— Aaron LaBerge，VP Technology ， ESPN.com 

“I ▼ Head First HTML with CSS & XHTML- -it teaches you everything you need to learn in a Tun 
coated’ format.” 

— Sally Applin，UI Designer and Artist 
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Heather studied physics in Manchester, 
gaining a first class honours degree. She likes 
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She followed this up with a Ph.D. in the grey 
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got fed up of sharing a fridge with petri dishes 
and moved on from the lab into education and 
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play the fool while running school chess clubs 
(in the name of teaching of course). 


• • • 

VIII 



table of contents 


Table of Contents (Summary) 

Intro 

1 Think Like a Physicist: In the beginning ... 

2 Making It All Mean Something: Units and Measurements 

3 Scientific Notation, Area, and Volume: All Numbers Great and Small 

4 Equations and Graphs: Learning the Lingo 

5 Dealing with Directions: Vectors 
Experiments 

6 Displacement, Velocity, and Acceleration: What’s Going On? 

I Equations of Motion (Part 1): Playing with Equations 

8 Equations of Motion (Part 2): Up, Up, and... Back Down 

9 Triangles, Trig and Trajectories: Going Two-Dimensional 

10 Momentum Conservation: What Newton Did 

II Weight and The Normal Force: Forces for Courses 

12 Using Forces, Momentum, Friction and Impulse: Getting On With It 

13 Torque and Work: Getting a Lift 

14 Energy Conservation: Making Tour Life Easier 

15 Tension, Pulleys and Problem Solving: Changing Direction 

16 Circular Motion (Part 1) From cl to (D 

17 Circular Motion (Part 2): Staying on Track 

18 Gravitation and Orbits: Getting Away From It All 

19 Oscillations (Part 1): Round and Round 

20 Oscillations (Part 2): Springs V Swings 

21 Think Like a Physicist: It’s the Final Chapter 
i Appendix i: Top Six Things We Didn’t Cover 

11 Appendix ii: Equation Table 


xxxiii 

1 

17 

55 

95 

149 

193 

203 

237 

283 

335 

391 

437 

471 

515 

559 

603 

631 

663 

715 

761 

797 

839 

863 

873 


Table of Contents (tte peal firing) 

Intro 

Your brain on Physics. Here you are trying to learn something, while 
here your brain is doing you a favor by making sure the learning doesn’t stick. Your 
brain's thinking, y/ Better leave room for more important things, like which wild 
animals to avoid and whether naked snowboarding is a bad idea.’’So how do you 
trick your brain into thinking that your life depends on knowing physics? 


Who is this book for? 

xxxiv 

We know what you’re thinking 

XXXV 

Metacognition 

xxxvii 

Bend your brain into submission 

xxxix 

Read me 

xl 

The technical review team 

xlii 

Acknowledgments 

xliii 


ix 


table of contents 



think l!ke a physicist 

In the beginning ... 

Physics is about the world around you and how everything 
in it works. As you go about your daily life, you’re doing physics all the time! 
But the thought of actually learning physics may sometimes feel like falling 
into a bottomless pit with no escape! Don’t worry... this chapter introduces how 
to think like a physicist. You’ll learn to step into problems and to use your 
intuition to spot patterns and special points’ that make things much easier. 
By being part of the problem, you’re one step closer to getting to the solution... 


Physics is the world around you 2 

You can get a feel for what’s happening by being a part of it 4 

Use your intuition to look for ‘special points’ 6 

The center of the earth is a special point 8 
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Now put it all together 13 
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BE a part of it? 
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making k all MEAN sornetliing 

Units and measurements 

How long is a piece of string? Physics is based on making 
measurements that tell you about size. In this chapter, you’ll learn how to use 
units and rounding to avoid making mistakes - and also why errors are OK. 
By the time you’re through, you’ll know when something is significant and 
have an opinion on whether size really is everything. 




Length 


It’s the best music player ever, and you’re part of the team! 18 

So you get on with measuring the myPod case 19 

When the myPod case comes back from the factory, it’s way too big 20 

There aren’t any UNITS on the blueprint 22 
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You use conversion factors to change units 29 
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digits to be usable 36 
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Generally, you should round your answers to three significant digits 39 
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myPod measurements! 42 

Any measurement you make has an error (or uncertainty) 

associated with it 43 

The error on your original measurements 

should propagate through to your converted blueprint 44 

STOP!! Before you hit send, do your answers SUCK?! 47 
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xi 








































table of contents 


sc!ent!?!c notsdSon, area, and Volume 



All numbers great and small 

In the real world, you have to deal with all kinds of numbers, 
not just the ones that are easier to work with, in this chapter, you 11 

be taking control of unwieldy numbers using scientific notation and discovering why 
rounding a large number doesn’t mean having to write a zillion zeros at the end. You’ll 
also use your new superpowers to deal with units of area and volume - which is where 
scientific notation will save you lots of grief (and time) in the future! 


A messy college dorm room 

So how long before things go really bad? 

Power notation helps you multiply by 
the same number over and over 

Your calculator displays big numbers using scientific notation 
Scientific notation uses powers of 10 to write down long numbers 
Scientific notation helps you with small numbers as well 
You’ll often need to work with area or volume 



Look up facts in a book (or table of information) 

Prefixes help with numbers outside your comfort zone 

Scientific notation helps you to do calculations with 
large and small numbers 

The guys have it all worked out 

200,000,000 meters cubed bugs after only 16 hours is 
totally the wrong size of answer! 

Be careful converting units of area or volume 

So the bugs won’t take over ... unless the guys sleep in! 

The “Converting units of area or volume” Question 
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ec[Uciti9ns and graphs 

Learning the lingo 

Communication is vital. You Ye already off to a good start 
in your journey to truly think like a physicist, but now you need to 
communicate your thoughts. In this chapter, you’re going to take your 
first steps in two universal languages - graphs and equations ■ pictures 
you can use to speak a thousand words about experiments you do and 
the physics concepts you’re learning. Seeing is believing. 


You need to work out how to give the customer their delivery time 97 
If you write the delivery time as an equation, 

you can see what’s going on 98 

Use variables to keep your equation general 99 

You need to work out Alex’s cycling time 101 

When you design an experiment, think about what might go wrong! 105 
Conduct an experiment to find out Alex’s speed 108 

Write down your results... in a table 109 

Use the table of distances and times to work out Alex’s speed 111 



Random errors mean that results will be spread out 

A graph is the best way of taking an average of ALL your results 

Use a graph to show Alex’s time for ANY distance 

The line on the graph is your best estimate for 
how long Alex takes to cycle ANY distance 

You can see Alex’s speed from the steepness 
of the distance-time graph 

Alex’s speed is the slope of the distance-time graph 

Now work out Alex’s average speed from your graph 

You need an equation for Alex’s time to give to the web guys 
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Alex to reach each house 
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The “Did you do what they asked you” Question 
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dealing With c[Irect!9ns 

Vectors 

Time, speed, and distance are all well and good, but you really 
need DIRECTION too if you want to get on in life. 

You now have multiple physics superpowers: You’ve mastered graphs and equations, and 
you can estimate how big your answer will be. But size isn’t everything. In this chapter, 
you’ll be learning about vectors, which give direction to your answers and help you to 
find easier shortcuts through complicated-looking problems. 
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Is immediate action your 
plan of attack? 

First ponder - then go for 
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That the target may seem 
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1) 60 meters North 
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5) 20 meters South 

6) 40 meters North 

The start ofyour journey is 
right by the tree, 
and continues whenceforth 
you unearth the next key. 
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Displacement is different from distance 
Distance is a scalar; displacement is a vector 
You can represent vectors using arrows 
You can add vectors in any order 
The “Wheat from the chaff” Question 
Angles measure rotations 

If you can’t deal with something big, break it down 
into smaller parts 

Velocity is the Vector version’ of speed 

Write units using shorthand 

You need to allow for the stream’s velocity too! 

If you can find the stream’s velocity, you can figure 
out the velocity for the boat 

It takes the boat time to accelerate from a standing start 
How do you deal with acceleration? 

Vector, Angle, Velocity, Acceleration 二 WINNER!!! 
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Displacement, Velocity, and A^celercition 

What’s going on? 

It’s hard to keep track of more than one thing at a time. 

When something falls, its displacement, velocity, and acceleration are all important at the 
same time. So how can you pay attention to all three without missing anything? In this 
chapter, you’ll increase your experiment, graph, and slope superpowers in preparation for 
bringing everything together with an equation or two. 
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How can you use what you know? 207 
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‘Vectorize’ your equation 211 
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A point on a curved line has the same slope as its tangent 218 
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lets you work out its acceleration 226 

Work out the units of acceleration 227 

Success! You worked out the velocity after 2.0 s - 

and the cage won’t break! 231 

Now onto solve for the displacement! 234 
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Ec[ii£iti9ns of motion (part 1) 

Playing With Equations 

It’s time to take things to another level. 

So far, you’ve done experiments, drawn graphs of their results, and worked out equations 
from them. But there’s only so far you can go since sometimes your graph isn’t a straight 
line. In this chapter, you’ll expand your math skills by making substitutions to work out 
a key equation of motion for a curved displacement-time graph of a falling object. And 
you’ll also learn that checking your GUT reaction to an answer can be a good thing. 



How high should the crane be? 

Graphs and equations both represent the real world 

You’re interested in the start and end points 

You have an equation for the velocity - 
but what about the displacement? 

See the average velocity on your velocity-time graph 

Test your equations by imagining them with different numbers 

Calculate the cage’s displacement! 

You know how high the crane should be! 

But now the Dingo needs something more general 

A substitution will help 

Get rid of the variables you don’t want by making substitutions 
Continue making substitutions ... 

You derived a useful equation for the cage’s displacement! 
Check your equation using Units 

Check your equation by trying out some extreme values 
Your equation checks out! 

So the Dingo drops the cage ... 

The “Substitution” Question 

The “Units” or “Dimensional analysis” Question 
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ec[u£iti9ns 9 ^ motion (part 2) 



p, up, and... back down 

What goes up must come down. You already know how to 
deal with things that are falling down, which is great. But what about the 
ther half of the bargain - when something’s launched up into the air? In this 


chapter, you’ll add a third key equation of motion to your armory which will 
enable you to deal with (just about) anything! You’ll also learn how looking 
for a little symmetry can turn impossible tasks into manageable ones. 



Now ACME has an amazing new cage launcher 

The acceleration due to gravity is constant 

Velocity and acceleration are in opposite directions, 
so they have opposite signs 

You can use one graph to work out the shapes of the others 

Is a graph of your equation the same shape 
as the graph you sketched? 

Fortunately, ACME has a rocket-powered hovercraft! 

You can work out a new equation by making a substitution for t 

Multiply out the parentheses in your equation 

You have two sets of parentheses multiplied together 

You need to simplify your equation by grouping the terms 

You can use your new equation to work out the stopping distance 

There are THREE key equations you can use 
when there’s constant acceleration 



■You need to work out the launch velocity that gets 
|the Dingo out of the Grand Canyon! 

ou need to find another way of doing this problem 
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triangles, trig and trajectories 

Going two-dimensional 

So you can deal with one dimension. But what about real life? 

Real things don’t just go up or down - they go sideways too! But never fear - you’re 
about to gain a whole new bunch of trigonometry superpowers that’ll see you spotting 
right-angled triangles wherever you go and using them to reduce complicated-looking 
problems into simpler ones that you can already do. 


Gamelot - we have a problem! 336 

How wide should you make the moat? 339 

Looks like a triangle, yeah? 340 

A scale drawing can solve problems 342 

Pythagoras’ Theorem lets you figure out the sides quickly 343 

Sketch + shape + equation = Problem solved! 345 

Gamelot... we have ANOTHER problem! 348 

Relate your angle to an angle inside the triangle 351 

Classify similar triangles by the ratios of their side lengths 354 
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Sine, cosine and tangent connect the sides and 
angles of a right-angled triangle 

How to remember which ratio is which? 

Sine Exposed 

Calculators have sin(0), cos(0) and tan(0) tables built in 
Uh oh. Gravity... 

The cannonball’s velocity and acceleration 
vectors point in different directions 

Gravity accelerates everything downwards at 9.8 m/s 2 

The horizontal component of the velocity can’t change 
once you’ve let go 

The horizontal component of a projectile’s velocity is constant 
The same method solves both problems 
The “Projectile” Question 
The “Missing steps” Question 
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momentum conservation 


What Newton Did 

I I No One likes to be a pushover. So far, you’ve learned to deal with objects that 
I I are already moving. But what makes them go in the first place? You know that something 

will move if you push it - but /?ow will it move? In this chapter, you’ll overcome inertia as 
you get acquainted with some of Newton’s Laws. You’ll also learn about momentum, 
why it’s conserved, and how you can use it to solve problems. 


The pirates be havin’ a spot o 5 bother with a ghost ship ... 

What does the maximum range depend on? 

Firing at 45° maximizes your range 

You can’t do everything that’s theoretically possible - 
you need to be practical too 
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Carmohball’s faik 


Sieges-R-Us has a new stone cannonball, 
which they claim will increase the range! 

Massive things are more difficult to start and stop 

Newton’s First Law 

Mass matters 

IA stone cannonball has a smaller mass - 
so it has a larger velocity. But how much larger? 

Here’s your lab equipment 

How are force, mass and velocity related? 

Vary only one thing at a time in your experiment 

Mass x velocity - momentum - is conserved 

A greater force acting over the same amount of time 
gives a greater change in momentum 

Write momentum conservation as an equation 

I Momentum conservation and Newton’s Third Law are equivalent 

You’ve calculated the stone cannonball’s velocity, 
but you want the new range! 

Use proportion to work out the new range 

The “Proportion” Question (often multiple choice) 
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Forces for courses 

Sometimes you have to make a statement forcefully. 

In this chapter, you’ll work out Newton’s 2nd Law from what you already know about 
momentum conservation to wind up with the key equation, F net = ma. Once you 
combine this with spotting Newton’s 3rd Law force pairs, and drawing free body 
diagrams, you’ll be able to deal with (just about) anything. You’ll also learn about why 
mass and weight aren’t the same thing, and get used to using the normal force to 


support your arguments. 



^/Vei 


eightBotchers 


Lose weight 
INSTANTLY!! 
(for only $499) 


I^VVei 


eightBotchers 

Before 


After! 



Lose weight 
INSTANTLY!! 
■for only $499) 


WeightBotchers are at it again! 438 

Is it really possible to lose weight instantly?! 439 

Scales work by compressing or stretching a spring 440 

Mass is a measurement of “stuff” 442 

Weight is a force 442 

The relationship between force and mass involves momentum 444 

If the object’s mass is constant, Fnet = ma 446 

The scales measure the support force 449 

Now you can debunk the machine! 451 

The machine reduces the support force 452 

Force pairs help you check your work 454 

You debunked WeightBotchers! 456 

A surface can only exert a force perpendicular (or normal) to it 458 

When you slide downhill, there’s zero perpendicular acceleration 461 
Use parallel and perpendicular force components to deal with a slope 463 
The “Free body diagram” Question 466 

The “Thing on a slope’’ Question 467 
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using feces, tnornentum, ?r!cti9n and Impulse 

Getting on with it 

It’s no good memorizing lots of theory if you can’t apply it. 

You already know about equations of motion, component vectors, momentum 
conservation, free body diagrams and Newton’s Laws. In this chapter, you’ll learn 
how to fit all of these things together and apply them to solve a much wider range 
of physics problems. Often, you’ll spot when a problem is like something you’ve 
seen before. You’ll also add more realism by learning to deal with friction - and will 
see why it’s sometimes appropriate to act on impulse. 


It’s ... SimFootball! 472 

Momentum is conserved in a collision 476 

But the collision might be at an angle 477 

A triangle with no right angles is awkward 479 

Use component vectors to create some right-angled triangles 480 

The programmer includes 2D momentum conservation ... 483 

In real life, the force of friction is present 484 

Friction depends on the types of surfaces that are interacting 488 

Be careful when you calculate the normal force 489 

You’re ready to use friction in the game! 491 

Including friction stops the players from sliding forever! 492 

The sliding players are fine - but the tire drag is causing problems 493 

Using components for the tire drag works! 497 

Friction Exposed 498 

The “Friction” Question 499 

How does kicking a football work? 500 

FAt is called impulse 502 

The game’s great - but there’s just been a spec change! 506 

For added realism, sometimes the players should slip 509 

You can change only direction horizontally on a 

flat surface because of friction 510 

The game is brilliant, and going to X-Force rocks! 511 

Newton’s Laws give you awesome powers 512 
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torque and work 

Getting a lift 

You can use your physics knowledge to do superhuman feats. 

In this chapter, you’ll learn how to harness torque to perform amazing displays of strength, 
by using a lever to exert a much larger force than you could on your own. However, you 
can’t get something for nothing - energy is always conserved and the amount of work 
you do to give something gravitational potential energy by lifting it doesn’t change. 



Half the kingdom to anyone who can lift the sword in the stone ... 516 

Can physics help you to lift a heavy object? 517 

Use a lever to turn a small force into a larger force 519 

Do an experiment to determine where to position the fulcrum 521 

Zero net torque causes the lever to balance 525 

Use torque to lift the sword and the stone! 530 

The “Two equations, two unknowns” Question 533 

So you lift the sword and stone with the lever ... 

but they don’t go high enough! 535 

You can’t get something for nothing 537 

When you move an object against a force, you’re doing work 538 

The work you need to do a job = force x displacement 538 

Which method involves the least amount of work? 539 

Work has units of Joules 541 

Energy is the capacity that something has to do work 542 

Lifting stones is like transferring energy from one store to another 542 
Energy conservation helps you to solve problems 

with differences in height 545 

Will energy conservation save the day? 547 

You need to do work against friction as well as against gravity 549 

Doing work against friction increases internal energy 551 

Heating increases internal energy 552 

It’s impossible to be 100% efficient 553 
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Making your life easier 

Why do things the hard way when there’s an easier way? 

So far, you’ve been solving problems using equations of motion, forces and component 
vectors. And that’s great - except that it sometimes takes a while to crunch through the 


math. In this chapter, you’ll learn to spot where you can use energy conservation as a 
shortcut that lets you solve complicated-looking problems with relative ease. 



The ultimate bobsled experience 560 

Forces and component vectors solve the first part... 

but the second part doesn’t have a uniform slope 563 

A moving object has kinetic energy 565 

The kinetic energy is related to the velocity 567 

Calculate the velocity using energy conservation 

and the change in height 569 

You’ve used energy conservation to solve the second part 571 

In the third part, you have to apply a force to stop a moving object 571 
Putting on the brake does work on the track 573 

Doing work against friction increases the internal energy 574 

Energy conservation helps you to do 

complicated problems in a simpler way 579 

There’s a practical difference between 

momentum and kinetic energy 581 

The “Show that” Question 584 

The “Energy transfer” Question 585 

Momentum conservation will solve an inelastic collision problem 587 
You need a second equation for an elastic collision 587 

Energy conservation gives you the second equation that you need! 589 
Factoring involves putting in parentheses 591 

You can deal with elastic collisions now 592 

In an elastic collision, the relative velocity reverses 593 

There’s a gravity-defying trick shot to sort out ... 594 

The initial collision is inelastic - so mechanical energy isn’t conserved 596 
Use momentum conservation for the inelastic part 597 

The “Ballistic pendulum” Question 599 
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tension, pulleys md problem sdVing 

Changing direction 

Sometimes you need to deal with the tension in a situation 

So far, you’ve been using forces, free body diagrams and energy conservation 
to solve problems. In this chapter you’ll take that further as you deal with ropes, 
pulleys, and yes, tension. Along the way, you’ll also practise looking for familiar 
signposts to help navigate your way through complicated situations. 


It’s a bird... it’s plane...no, it’s a guy on a skateboard?! 604 

Always look for something familiar 605 

Michael and the stack accelerate at the same rate 608 

Use tension to tackle the problem 611 

Look at the big picture as well as the parts 617 

But the day before the competition ... 619 

Using energy conservation is simpler than using forces 621 

There goes that skateboard... 626 


When -the skaicboavdi readies 
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circular motion (part 1) 

From a to w 

You say you want a revolution? In this chapter, you ll learn 
how to deal with circular motion with a crash course in circle anatomy, 
including what the radius and circumference have to do with pies (or 
should that be ns). After dealing with frequency and period, you’ll need 
to switch from the linear to the angular. But once you’ve learned to use 
radians to measure angles, you’ll know it’s gonna be alright. 


Hey kiddo, this Kentucky Hamster 
Derby is big business, and we gotta get 
the training schedule absolutely spot on! 


0 


0 


Limber up for the Kentucky Hamster Derby 
You can revolutionize the hamsters’ training 
Thinking through different approaches helps 
A circle’s radius and circumference are linked by jc 
C onvert from linear distance to revolutions 
Convert the linear speeds into Hertz 

So you set up the machine ... but the wheel turns too slowly! 
Try some numbers to work out how things relate to each other 
The units on the motor are radians per second 
Convert frequency to angular frequency 
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The hamster trainer is complete! 652 

You can increase the (linear) speed by increasing the wheel’s radius 657 
The “Angular quantities” Question 660 
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Staying on track 

Ever feel like someone’s gone off at a tangent? That s exactly what 

happens when you try to move an object along a circular path when there’s not enough 
centripetal force to enable this to happen. In this chapter, you’ll learn exactly what 
centripetal force is and how it can keep you on track. Along the way, you’ll even solve 
some pretty serious problems with a certain Head First space station. So what are you 
waiting for? Turn the page, and let’s get started. 



TV avc 

oJf 減崎丁岣广七 

㈣ 切 …… ^ u 


Houston ... we have a problem 

When you’re in freefall, objects appear to float beside you 

What’s the astronaut missing, compared to when he’s on Earth? 

Can you mimic the contact force you feel on Earth? 

Accelerating the space station allows you 
to experience a contact force 

You can only go in a circle because of a centripetal force 

Centripetal force acts towards the center of the circle 

The astronaut experiences a contact force when you 
rotate the space station 

What affects the size of centripetal force? 

Spot the equation for the centripetal acceleration 

Give the astronauts a centripetal force 

The floor space is the area of a cylinder’s curved surface 



Let’s test the space station... 

The “Centripetal force” Question 
The bobsled needs to turn a corner 

Angling the track gives the normal force a horizontal component 

When you slide downhill, there’s no perpendicular acceleration 

When you turn a corner, there’s no vertical acceleration 

How to deal with an object on a slope 

The “support force” required for a vertical circle varies 

Any force that acts towards the center of the circle 
can provide a centripetal force 

The “Banked curve” Question 

The “Vertical circle” Question 
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graVft£tti9n and otbits 

Getting away from it all 

So far, you’ve been up close and personal with gravity - but what 

happens to the attraction as your feet leave the ground? In this chapter, you’ll learn that 
gravitation is an inverse square law, and harness the power of gravitational potential 
to take a trip to infinity... and beyond. Closer to home, you’ll learn how to deal with 
orbits - and learn how they can revolutionize your communication skills. 


Party planners, a big event, and lots of cheese 



What length should the cocktail sticks be? 

The cheese globe is a sphere 

The surface area of the sphere is the same as 
the surface area of the cheese 

Let there be cheese... 

The party’s on! 

To infinity - and beyond! 

Earth’s gravitational force on you becomes weaker 
as you go further away 

Gravitation is an inverse square law 

Now you can calculate the force on the spaceship 
at any distance from the Earth 

The potential energy is the area under the force-displacement graph 
If U = 0 at infinity, the equation works for any star or planet 


Potential Energy Exposed 


Gravitational 
field strength 
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Displacement 
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v-cldtio^ship. 


Use energy conservation to calculate the astronaut’s escape velocity 

We need to keep up with our astronaut 

The centripetal force is provided by gravity 

With the comms satellites in place, it’s Pluto (and beyond) 

The “gravitational force = centripetal force” Question 
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Oso!llctt!ons (part i) 

Round and round 

Things can look very different when you see them from 

another angle. Sofar you’ve been looking at circular motion from above - but what 
does it look like from the side? In this chapter, you’ll tie together your circular motion and 
trigonometry superpowers as you learn extended definitions of sine and cosine. Once 
you’re done, you’ll be able to deal with anything that’s moving around a circle - whichever 
way you look at it. 


Welcome to the fair! 762 

Reproduce the duck on the display 763 

The screen for the game is TWO-DIMENSIONAL 769 

So we know what the duck does... but where exactly is the duck? 773 


Any time you’re dealing with a component vector, 

try to spot a right-angled triangle 774 



Let’s show Jane the display 782 

The second player sees the x-component of the duck’s displacement 783 
We need a wider definition of cosine, too 784 

sine and cosine are related to each other 785 

Sine Exposed 787 


Let the games begin! 

What’s the duck’s velocity from each player’s point of view? 

Get the shape of the velocity-time graph from 
the slope of the displacement-time graph 

The game is complete! 


788 

789 

790 
794 
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Oso!llctt!ons (part 2) 

Springs ^ swings 

What do you do when something just happens over 

and Over? This chapter is about dealing with oscillations, and helps 
you see the big picture. You’ll put together what you know about graphs, 
equations, forces, energy conservation and periodic motion as you tackle 
springs and pendulums that move with simple harmonic motion to get the 
ultimate “I rule” experience ... without having to repeat yourself too much. 



Get rocking, not talking 7 98 

The plant rocker needs to work for three different masses of plant 7 98 
A spring will produce regular oscillations 799 

Displacement from equilibrium and 

strength of spring affect the force 801 

A mass on a spring moves like a side-on view of circular motion 805 

A mass on a spring moves with simple harmonic motion 806 

Simple harmonic motion is sinusoidal 809 

Work out constants by comparing a situation-specific 

equation with a standard equation 810 

The “This equation is like that one’’ Question 813 

Anne forgot to mention something ... 815 

The plants rock - and you rule! 821 

But now the plant rocker’s frequency has changed ... 822 

The frequency of a horizontal spring depends on the mass 824 

Will using a vertical spring make a difference? 824 

A pendulum swings with simple harmonic motion 830 

What does the frequency of a pendulum depend on? 831 

The pendulum design works! 833 

The “Vertical spring” Question 835 

The “How does this depend on that” Question 836 
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think l!ke a physicist 

It’s the final chapter 

It’S time to hit the ground running Throughout this book, you ve been 
learning to relate physics to everyday life and have absorbed problem solving skills as 
you’ve gone along. In this final chapter, you’ll use your new set of physics tools to dig 
into the problem we started off with ■ the bottomless pit through the center of the earth. 
The key is the question: “How can I use what I know to work out what I don’t know (yet)?” 


You’ve come a long way! 840 

Now you can finish off the globe 841 

The round-trip looks like simple harmonic motion 842 

But what time does the round-trip take? 843 

You can treat the Earth like a sphere and a shell 845 

The net force from the shell is zero 850 

The force is proportional to the displacement, so your trip is SHM 853 
The “Equation you’ve never seen before” Question 855 

You know your average speed - but what’s your top speed? 857 

Circular motion from side-on looks like simple harmonic motion 858 
You can do (just about) anything! 861 

You tBv\ pv-ojc^i this 亡 ompohCh 七 o*f 

the ov-bi^s madius Ohio the turmel. 
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The Top Six Things (we didn’t cover) 

No book can ever tell you everything about everything. 

We’ve covered a lot of ground, and given you some great thinking skills and physics 
knowledge that will help you in the future, whether you’re taking an exam or are 
just curious about how the world works. We had to make some really tough choices 


about what to include and what to leave out. Here are some topics that we didn’t 


look at as we went along, but are still important and useful. 


Better at physics 



#1 Equation of a straight line graph, y = mx + c 
#2 Displacement is the area under the velocity-time graph 
#3 Torque on a bridge 
#4 Power 

#5 Lots of practice questions 
#6 Exam tips 


864 

866 

868 

870 

870 

871 
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Point of Reference 



U lt’s difficult to remember something when you’ve only 
seen it once. 

Equations are a major way of describing what’s going on in physics. Every time 


you use equations to help solve a problem, you naturally start to become familiar 
with them without the need to spend time doing rote memorization. But 
before you get to that stage ， it’s good to have a place you can look up 
the equation you want to use. That’s what this equation table appendix 
is for - it’s a point of reference that you can turn to at any time. 

Mechanics Equations Table 874 



XXXI 








































h9Wt9 use this book 

Intro 



k _V. 


■■ ■ 


I can’t believe 
they put that \r\ a 
physics book?" 















how to use this book 


Who is this book for? 


If you can answer “yes” to all of these: 


① Do you have access to a pen and a scientific calculator? 

Do you want to learn and understand physics by doing, 
rather than by reading, whether you need to pass an 


exam at the end or not? 


③ 


Do you prefer chatting with friends about interesting 
things to dry, dull, academic lectures? 


this book is for you. 


IWt woirlry i-f youVc 
^ —3 仏 c da^ula-tov - 

■they ohly ^os-t a -few dollavs. 


Who should probably back away from this book? 

If you can answer “yes” to any of these: 


① 


Are you someone who’s never studied basic algebra? 

(You don’t need to be advanced, but you should be able to 
add, subtract, multiply and divide. We’ll cover everything 
else you need to know about math and physics.) 


② 


Are you a physics ninja looking for a reference book? 


③ 


Are you afraid to try something different? Would you 
rather have a root canal than mix stripes with plaid? 

Do you believe that a physics book can’t be serious 
if it involves implementing a training schedule for 
thoroughbred hamster racing? 


this book is not for you. 



-Pv-om -this book is 
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Wc know what youVe thinking 


cc 


u 


How can this be a serious physics book?” 
What’s with all the graphics?” 

Gan I actually learn it this way?” 


Wc know what your brain is thinking 

Your brain craves novelty. It’s always searching, scanning, waiting for something 
unusual. It was built that way, and it helps you stay alive. 

So what does your brain do with all the routine, ordinary, normal things you 
encounter? Everything it can to stop them from interfering with the brain’s 
real job — recording things that matter. It doesn’t bother saving the boring 
things; they never make it past the “this is obviously not important” filter. 

How does your brain know what’s important? Suppose you’re out for a 
day hike and a tiger jumps in front of you, what happens inside your head 
and body? 

Neurons fire. Emotions crank up. Chemicals surge. 

And that’s how your brain knows... 

This must be important! Don’t forget it! 

But imagine you’re at home, or in a library. It’s a safe, warm, tiger-free zone. 
You’re studying. Getting ready for an exam. Or trying to learn some tough 
technical topic your boss thinks will take a week, ten days at the most. 

Just one problem. Your brain’s trying to do you a big favor. It’s trying 
to make sure that this obviously non-important content doesn’t clutter 
up scarce resources. Resources that are better spent storing the really 
big things. Like tigers. Like the danger of fire. Like how you should 
never have posted those photos on your Facebook page. 

And there’s no simple way to tell your brain, “Hey brain, thank you 
very much, but no matter how dull this book is, and how little I’m 
registering on the emotional Richter scale right now, I really do want 
you to keep this stuff around.” 
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Metacognition: thinking about thinking 

If you really want to learn, and you want to learn more quickly and more 
deeply, pay attention to how you pay attention. Think about how you think. 
Learn how you learn. 

Most of us did not take courses on metacognition or learning theory when we 
were growing up. We were expected to learn, but rarely taught to learn. 


I wonder how 
I can trick my brain 
into remembering 
this stuff... 



But we assume that if you’re holding this book, you really want to learn how 
to do physics. And you probably don’t want to spend a lot of time. If you want 
to use what you read in this book, you need to remember what you read. And 
for that, you’ve got to understand it. To get the most from this book, or any book 
or learning experience, take responsibility for your brain. Your brain on this 
content. 


The trick is to get your brain to see the new material you’re learning as 
Really Important. Crucial to your well-being. As important as a tiger. 
Otherwise, you’re in for a constant battle, with your brain doing its best 
keep the new content from sticking. 


to 


So just how DO you get your brain to treat physics 
like it was a hungry tiger? 


There’s the slow, tedious way, or the faster, more effective way. The 
slow way is about sheer repetition. You obviously know that you are able to learn 
and remember even the dullest of topics if you keep pounding the same thing into your 
brain. With enough repetition, your brain says, “This doesn’t feel important to him, but he 
keeps looking at the same thing over and over and over, so I suppose it must be.” 


The faster way is to do anything that increases brain activity, especially different 
types of brain activity. The things on the previous page are a big part of the solution, 
and they’re all things that have been proven to help your brain work in your favor. For 
example, studies show that putting words within the pictures they describe (as opposed to 
somewhere else in the page, like a caption or in the body text) causes your brain to try to 
makes sense of how the words and picture relate, and this causes more neurons to fire. 
More neurons firing = more chances for your brain to get that this is something worth 
paying attention to, and possibly recording. 


A conversational style helps because people tend to pay more attention when they 
perceive that they’re in a conversation, since they’re expected to follow along and hold up 
their end. The amazing thing is, your brain doesn’t necessarily care that the “conversation” 
is between you and a book! On the other hand, if the writing style is formal and dry, your 
brain perceives it the same way you experience being lectured to while sitting in a roomful 
of passive attendees. No need to stay awake. 


But pictures and conversational style are just the beginning... 
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Here's what WE did: 

We used pictures^ because your brain is tuned for visuals, not text. As far as your brain’s 
concerned, a picture really is worth a thousand words. And when text and pictures work 
together, we embedded the text in the pictures because your brain works more effectively 
when the text is within the thing the text refers to, as opposed to in a caption or buried in the 
text somewhere. 

We used redundancy, saying the same thing in different ways and with different media types, 
and multiple senses, to increase the chance that the content gets coded into more than one area 
of your brain. 

We used concepts and pictures in unexpected ways because your brain is tuned for novelty, 
and we used pictures and ideas with at least some emotional content, because your brain 
is tuned to pay attention to the biochemistry of emotions. That which causes you to feel 
something is more likely to be remembered, even if that feeling is nothing more than a little 

humor, surprise, or interest. 

We used a personalized, conversational style, because your brain is tuned to pay more 
attention when it believes you’re in a conversation than if it thinks you’re passively listening 
to a presentation. Your brain does this even when you’re reading. 


We included more than 80 activities, because your brain is tuned to learn and remember 
more when you do things than when you read about things. And we made the exercises 
challenging-yet-do-able, because that’s what most people prefer. 


We used multiple learning styles, because might prefer step-by-step procedures, while 
someone else wants to understand the big picture first, and someone else just wants to see 
an example. But regardless of your own learning preference, everyone benefits from seeing the 
same content represented in multiple ways. 


We include content for both sides of your brain, because the more of your brain you 
engage, the more likely you are to learn and remember, and the longer you can stay focused. 
Since working one side of the brain often means giving the other side a chance to rest, you 
can be more productive at learning for a longer period of time. 

And we included stories and exercises that present more than one point of view ， 
because your brain is tuned to learn more deeply when it’s forced to make evaluations and 
judgments. 

We included challenges, with exercises, and by asking questions that don’t always have 
a straight answer, because your brain is tuned to learn and remember when it has to work at 
something. Think about it — you can’t get your body in shape just by watching people at the 
gym. But we did our best to make sure that when you’re working hard, it’s on the right things. 
Thsityou y re not spending one extra dendrite processing a hard-to-understand example, 
or parsing difficult, jargon-laden, or overly terse text. 

We people. In stories, examples, pictures, etc., because, well, because j ⑽ Ye a person. 
And your brain pays more attention to people than it does to things. 
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Here's what YOU caw do to bend 
your brain into submission 

So, we did our part. The rest is up to you. These tips are a 
starting point; listen to your brain and figure out what works 
for you and what doesn’t. Try new things. 


Slow down. The more you understand, 
the less you have to memorize. 

Don’t just read. Stop and think. When the 
book asks you a question, don’t just skip to the 
answer. Imagine that someone really is asking 
the question. The more deeply you force your 
brain to think, the better chance you have of 
learning and remembering. 

( 2 ) Do the exercises. Write your own notes. 

We put them in, but if we did them for you, 
that would be like having someone else do 
your workouts for you. And don’t just look at 
the exercises. Use a pencil. There’s plenty of 
evidence that physical activity while learning 
can increase the learning. 

^3^ Read the “There are No Dumb Questions” 

That means all of them. They’re not optional 
sidebars — they } re part of the core content! 

Don’t skip them. 

^4^ Make this the last thing you read before 
bed. Or at least the last challenging thing. 

Part of the learning (especially the transfer to 
long-term memory) happens after yow put the 
book down. Your brain needs time on its own, to 
do more processing. If you put in something new 
during that processing time, some of what you 
just learned will be lost. 

( 5 ^ Drink water. Lots of it. 

Your brain works best in a nice bath of fluid. 
Dehydration (which can happen before you ever 
feel thirsty) decreases cognitive function. 


Talk about it. Out loud. 

Speaking activates a different part of the brain. 

If you’re trying to understand something, or 
increase your chance of remembering it later, say 
it out loud. Better still, try to explain it out loud 
to someone else. You’ll learn more quickly, and 
you might uncover ideas you hadn’t known were 
there when you were reading about it. 

^7^ Listen to your brain. 

Pay attention to whether your brain is getting 
overloaded. If you find yourself starting to skim 
the surface or forget what you just read, it’s time 
for a break. Once you go past a certain point, you 
won’t learn faster by trying to shove more in, and 
you might even hurt the process. 

Feel something. 

Your brain needs to know that this matters. Get 
involved with the stories. Make up your own 
captions for the photos. Groaning over a bad joke 
is still better than feeling nothing at all. 

^9^ Do lots of physics! 

The main way to learn how to do physics is by... 
doing physics. And that’s what you’re going to do 
throughout this book. We’re going to give you a 
lot of practice: every chapter has exercises that 
pose problems for you to solve. Don’t just skip over 
them — a lot of the learning happens when you 
solve the exercises. We included a solution to each 
exercise — don’t be afraid to peek at the solution 
if you get stuck! Look at the first couple of lines, then 
turn back and take it from there yourself! But try 
to solve the problem before you look at the solution. 
And definitely make sure you understand the solution 
before you move on to the next part of the book. 
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how to use this book 


Read Me 

This is a learning experience, not a reference book. We deliberately stripped out everything 
that might get in the way of learning whatever it is we’re working on at that point in the 
book. And the first time through, you need to begin at the beginning, because the book 
makes assumptions about what you’ve already seen and learned. 


We begin with experiments, measurements, graphs and equations ， 
then move on to forces and energy conservation，and then more 
advanced topics such as gravitation and simple harmonic motion. 


It’s important to start with a firm foundation. We start out with the building blocks and 
tools of physics - experiments, measurements, graphs, equations - and most importantly, 
how to approach problems by thinking like a physicist. But this is no dry, theoretical 
introduction. Right from the word go, you’ll be picking up these important skills by solving 
problems yourself. As the book goes on, your brain is freed up to learn new concepts such as 
Newton’s Laws and energy conservation because you’ve already absorbed and practiced 
the fundamentals. By the time you reach the end of the book, you’ll even be sending people 
into space. We teach you what you need to know at the point where it becomes important, 
as that’s when it has the most value. Yes - even the math! 


We cover the same general set of topics that are in the 
mechanics sections of the AP Physics B and A Level curriculums 

While we focus on the overall learning experience rather than exam preparation, we 
provide good coverage of the mechanics sections of the AP Physics B and A Level 
curriculums, as well as the practical side of experiments and data analysis in physics. This 
means that as you work your way through the topics, you gain a deeper understanding 
that will help you get a good grade in whatever exam you’re taking. You’ll also learn how 
to break down complicated problems into simpler ones that you already know how to do. 
This is a far more effective way of learning physics than rote memorization, as you’ll feel 
confident about tackling any problem even when you haven’t seen one exactly like it before. 


We help you out with online resources. 

Our readers tell us that sometimes you need a bit of extra help, so we provide online 
resources, right at your fingertips. We give you an online forum where you can go to seek 
help, and other resources too. The starting point is 

http:/ / www.headfirstlabs.com/books/hfphy/ 
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The activities are NOT optional. 


The exercises and activities are not add-ons; they’re part of the core content of the book. 
Some of them are to help with memory, some are for understanding, and some will help 
you apply what you’ve learned. Don } t skip the exercises. The crossword puzzles are 
the only thing you don’t have to do, but they’re good for giving your brain a chance to 
think about the words and terms you’ve been learning in a different context. 

The redundancy is intentional and important. 

One distinct difference in a Head First book is that we want you to really get it. And we 
want you to finish the book remembering what you’ve learned. Most reference books 
don’t have retention and recall as a goal, but this book is about learnings so you’ll see some 
of the same concepts come up more than once. 


The Brain Power exercises don’t have answers. 


For some of them, there is no right answer, and for others, part of the learning 
experience of the Brain Power activities is for you to decide if and when your answers 
are right. In some of the Brain Power exercises, you will find hints to point you in the 
right direction. 
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intro 


1 think like a physicist 


， In the beginning ♦ 



Physics is about the world around you and how everything 

in it works. As you go about your daily life, you’re doing physics all the time! 
But the thought of actually learning physics may sometimes feel like falling 
into a bottomless pit with no escape! Don’t worry... this chapter introduces how 
to think like a physicist. You’ll learn to step into problems and to use your 
intuition to spot patterns and special points’ that make things much easier. 
By being part of the problem, you’re one step closer to getting to the solution... 


this is a new chapter 


welcome to the world of physics 


Physics is the world around you 

Physics is about the world around you and how stuff in the world actually 
works. How do you aim a cannon with no direct line of sight? How can 
a satellite orbit the earth without falling back down? Will you win a prize 
shooting ducks at the fairground? Will the Dingo catch the Emu... 

All of this should be really interesting... except that opening a normal physics 
textbook can make you feel rather like you’ve just fallen into a bottomless pit.... 


0^ a «ovw| 


P'-arxi -fall irigh-t or, 


a wo\rd that 
be used -Pov* 
Head Fiv-st Physi^sO 


But there’s hope, because. 
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think like a physicist 


You already know more 

than you think you do! 





(majmc youVc pav-t o( a physics problem- 

iVha 七 v/ould you -Peel? 






You can get a feel for what’s going on by being a part of it. 

Places y/hcv-c impovta^-t o\r 'm-tc\rcstmg -things happen. 

You can use your intuition to spot special points. 

Whcvc have you sttv\ o\r c>^pc\ric^C.cd somctlimj like "this bc-Pov-c? 

You can use your life experience to spot what things are like. 

You pass physids by memov-izj^^ 

You pass fhysids by how *to tiVmk about i 七 . 


Tkis Look is all about learning to tkink like a pkvsicist> 
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can you feel it? 


You can get a feel for whafs happening by bmq a part of it 


The best way to get started with any kind of physics is to imagine 
that you’re there, in the middle of it. Maybe you’re a block, or a 
car, or a racing driver. Then ask yourself, “What would I feel?” 

Which direction am I moving in? 

Am I speeding up or slowing down? 


Is there anything pushing or pulling me? 
(and so on...) 

Be a part of it! 


So - could you ever escape from the bottomless pit? 

Suppose you really are falling into a bottomless pit that runs from 
one side of the world to the other. What do you think would happen 
(assuming that the earth isn’t hot and molten inside)? 


Not sure where to start? That’s okay ... break it down and go right 
back to the beginning. Be a part of the problem! Ask yourself, 
: What would I feel just after I step into the tunnel?” 


Go to tke start oi 
tke problem tken 

BE a part oi it! 


Vou^vc jus-t 
stepped ovcv- 
ihc edge. 







BE Wt ^ if 


Your jab is to imagine you just stepped 
out over a bottomless pit. ^rat would 
you feel if you were part of the scenario? 

direction are you moving 
in? Are you speeding up or 
slowing down? 

are you feeling that? 


DIRECTION: 


SPEED ： 



Ask yourself, ff Wkat would I FEEL ii I 


was part oi tke scenario?” 
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BE Wt If ^ §©luS©n 

Your job is to imagine you just Stepped 
out over a bottomless pit. ^rat would 
you feel if you were part of tiie scenario? 

direction are you moving 
in? Are you speeding up or 
slowing down? 

are you feeling tkdt? 


\ 


DIKECXION:..I.foil .ivwd... 


A 


SPEED；. -fasicr as I 4)(, 



^v-avi*ty a*t*tva^*b me *m*to -the ca\r*th. 



Wo|rmally the solutiohs 
visible whch youVc wov-kihft Oh 

th f Problem... but wcVc lust 
gettihg s-tav-ted. 



你 1 汉 X 


Don’t worry if you wrote down 
something a bit different. 

This is what we wrote. Your answers should be 
similar, but maybe not identical. 


tJiereia： 

Dumb 


are no o 

Questi9ns 


Q/ But all I’ve done is write down what I already 
knew and what was really obvious! I haven’t worked 
out what happens inside the earth at all! 

譬 

• Physics is about being able to put yourself into a 
problem and asking “What would I feel?" When you're 
doing this, you need to start at the start - with what’s 
initially going on. 

Why? It hasn’t helped me get a final answer! 


What if I start out OK then get stuck or make a 
mistake? Surely I’ve completely failed if I don’t get the 
right answer at the end? 

Usually people grading exams are more interested 
in whether you understand the physics, even though the 
math part is important too. So, if you’re able to start off 
in the right direction and show that you understand the 
important physics principles, you’ll get credit for it even if 
you get stuck or make a mistake later on. 


Starting off a question with 'obvious' things gives 
your brain time to calm down and settle. It's the first step 
towards solving a more complicated problem. Once you've 
made a start, you can build on it by using your intuition 
and experience to spot ‘special points’ (where important 
or interesting things happen) and similarities to problems 
you've seen before. 


But I still have no idea what happens next here! 


You’ve already realized that gravity is important. 
And that you'll fall faster as you fall into the tunnel. That’s 
a great start for you to build on. 
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isn’t that special 


Use your iwtuitiow to look for 'special points' 

You’ve just started off the bottomless pit problem by being a part 
of it. You started at the start, imagined you’d just stepped over the 
edge, and asked yourself “What would I feel?” And you know that 
you’ll fall into the tunnel, getting faster as you go. 

But what happens next? 


The key is to use your intuition to look for “special points’ 
- places where important or interesting things happen. 

For example, the edge of a cliff is a special point because 
that’s where you change from being supported by the ground 
to being unsupported. And the center of a seesaw is a 
'special point’ because it’s the only place on the seesaw that 
one person can stand without either side going up or down. 


✓-nYou -Pall m*to 
^ -Pastcv 

av\d -Pastcv- as you 50. 



The is -the 

spaial po'mt that makes 
the between 

supj>ov-tcd av\d 
UhSuppo\rtcd- \ 





T\\t CENTER is -the sfcdial 
pom 七七 ha 七 makes 七 he 
A'\((trtY\U bc*bwccr> bc'm^ 
bdldr>ded ar>d unbala^dcd 



You vc alveadY wovked 
out 山七 a*t o}/\t 

spedial po'm*t - *thc 

of 



z\ 


In pkysics, tke 

’special points’ wkere 
tilings kappen are 

usu ally at tke EDGES 
and in tke CENTER. 


Spotting special points then asking “What would I feel if I was 
there?’’ helps you to understand what’s going on. 

You already did that for one special point - at the edge of the tunnel. 
Now it’s time to look out for more special points in this problem, so 
you can think about what’s going on there. 

Once you know what’s happening at each special point you can play 
connect the dots and work out what’s happening in between too. 





The edge of the tunnel is a special 
point. Can you spot any other 
special points in this problem? 
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think like a physicist 


So we just worked out that you fall into the 
tunnel from one special point - the edge. And now 
were supposed to look for other special points. 



Jill ： I have a hunch that the center of the earth must be important 
- it just looks like it must be! 

Frank: Yeah. Even though we’re assuming the center of the earth 
isn’t hot (because we’re dealing with an Earth which has lots of 
physics words written on it), the center still looks really important! 

Jill ： But what’s gonna happen there? 

Frank: I’m not sure. I guess that either you stop, or you keep on 
falling. But that’s not narrowing it down all that much! 

Jill: Maybe we can use what we already figured out? Didn’t 
we say that when you’re at the surface and step over the edge of the 
tunnel, you fall down into the tunnel because of gravity? 

Frank: Yeah, that’s right. I guess that the earth attracts you because 
it’s so big. Gravity is the stuff the earth’s made of and the stuff 
you’re made of attracting each other, right? 

Jill: And when you’re at the surface - at the edge of the tunnel - the 
whole of the earth is under you. So gravity attracts you downwards. 


Frank: Yeah, that makes sense. So what’s going on in the center? 
The whole Earth isn’t under you any more - it’s kinda all around 
you. There’s the same amount of Earth around you in all directions! 


Once you’ve lounct 
a special point, ask 
yourself ： 


Wkat would I FEEL 

tltere?” and ” Wltat is 


Jill: Then you must get pulled in all directions at once. Ouch! 
Sounds like you’d get torn apart or something! 

Frank: Hmm. The Earth’s gravity isn’t strong enough to pull my 
atoms apart when I’m standing on the surface. I have a feeling it’ll 
be more like standing in the exact center of a seesaw. 


Jill ： You mean, kinda like a balance point? I guess if you were 
at either end of the seesaw - or at either end of the tunnel - you’d 
move. But if you’re in the center of the seesaw - or the center of the 
earth, you’re balanced. 


teingf tkere LIKE?” 

iVhats _七 
SIMILAR io? 


Frank: Yeah. With the seesaw, it’s like you have one foot ‘pulling’ 
you an equal amount each way, so you stay balanced. And in the 
center of the earth, you have half the earth on one side and half the 
earth on the other side. That’s balanced too. 

Jill: So you must stop when you reach the center of the earth if you 
balance there. We solved the problem - you never get out! 


Frank: Hmm... but didn’t we say before that you’re already 
moving very fast by the time you reach the center? 
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journey to the center of the earth 


The center of the earth is a special point 


As Frank and Jill have worked out, the center of the earth is a special 
point where important or interesting things might happen. Maybe 
your eye was drawn to the center because of the symmetry, as 
there’s the same amount of Earth around you in all directions. 



The v/hi*tc av-v-ov/s show you 
div-cd*tio^ 七 yavi-ty 
is you *m. 


Thcv-c^s lots 
、七 ud’ u 灼 dev* you. 


So - be a part of it! Imagine yourself at the center of the earth. What 
would I feel there? What is being there like? 


At the first special 
point — the edge of the 

tunnel — you’re pulled 
downwards into the tunnel 


YouVc a*t*tv-ad*tcd 
do>wr»wavds. - - ^ 


(Stuff isn’t a particularly 
technical term - we’re 
basically using it to mean all 
of your atoms.) 


by gravity. This is because 
of the attraction between 


the “stuff” the earth’s made 


of and the “stuff” you’re 
made of. 


At the second special 
point, in the center of the 

earth, all of your atoms are 
pulled equally in all directions. 
You aren’t attracted in any 
direction more strongly that 
you are in any other direction. 

Being attracted in all directions 
at once may not sound like fun 
- but you’re made of stronger 
stuff. The Earth’s gravity isn’t 
strong enough to pull your 
atoms apart. This means that 
all of the attractions balance 
each other out. 


Y^uVc equally 
Bbbratied all 
div-c^tiohS. 



This *timq 七 here’s 
、七 ud’ all avou^d you- 


At tke center, 
you’re equally 
attracted in 
all directions 
- so all tke 


gravitational 


attractions 
balance out* 
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think like a physicist 


Ask yourself "What aw 1 ALREADY 
doing as I reach the special point?" 

But Frank and Jill nearly made a big mistake when they were 
thinking about out what it would feel like in the center of the 
earth. At first, they thought that if all the gravitational attractions 
balance out, then you’ll be stationary in the center of the earth, 
like you are when you balance yourself on the center of a seesaw. 

But is that really true? You’re already going very fast when 
you reach the center of the earth. You’ve fallen a very long way 
to get there, moving faster and faster all the time. If all the 

attractions balance out, what is there to slow you down? 


What is it like to be already going fast when there’s nothing 
pulling or pushing you? 

Wken you put yourself in a 
problem, try to imagine wkat you’re 
ALREADY ctoingf wltcn you reack 
tke special point Lelore going on to 
tkink about wkat kappens next. 



You get -Pastev- 
you -Pall. 


YouVc 

all d'» 


The bladk av-\roy/s 

show youv SPEED. 


YouVc AL-RBAV 
jo'mj -Pas-t y< 
v-cadli -the derrtev". 




厂 BE ? 

r Your iob 


鄉忒 it 



Your job is to imagine that you’re goin^ 

^ very fast. Maybe you’re a car or a speed 
Skater. \j\M it is LIKE to be going very 
fast ^ien nodiing can pull or push 
you, and you can’t pull or pusK 
on eillier? Tkd means 

no brakes and no grabbing on to 
lljP 严 somediin^ to slow down. Does this give 
_ you any clues about it will be LIKE 
attire center oftiie eaUliall the 
attractions balance out? 
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be the solution 



BE Wf ©f If ^ §©luf|©n 

Your job is to imagine that you’re going 
very fast. Maybe you’re a car or a speed 
stater. Whdt it is LIKE to be going very 
fast A^ien nofliing can pull or push 
you, and you can’t pull or push 
on anyfliing eiflier? That means 
no brakes and no grabbing on to 
Somediing to slow down. Does this give 
you any clues about A^iat it will be LIKE 
at tire center of tire earfli ^ien all tire 
attractions balance out? 


l-f I 匕 扣’ 七 bvakc o\r jvab oY\b> 

I slow dovm. |1l jus*t keep ov\ 

jomj v-cally -fast 

I *tlVmk same v/ill happen m 
*thc ttr\\jcr o( -the ca\r*tli. Home of *tiic 
di\red*tio 灼 s a*tbra 匕七 icm v/ill 111 

jus*t keep or\ jomg a*t same speed- 





IsiVt this all a bit ridiculous? You wouldn't go at 
the same speed-youd slow down from air resistance 
or bumping into the sides of the tunnel...or something 
like that... especially as the earth turns! 


n/ou V^avc sa*»d 

*tKa*t »*t Ll 戊， 

somc*t^»^5 else- TKa*t s 

0^. TKc 州 am 

is -tKat you keep cm 
aom^ a*t *t^C SAMt 
SPttP *»*f 七 here’s 

fullm^ ov\ Y ou . 


That’s right ■ we’ve made some assumptions 
to turn the problem into a simpler version 

We already made an assumption back on page 4 that 
(for this problem) the earth is solid and isn’t hot in the middle, 
as getting fried isn’t helpful. 

And quite right - we’re also assuming that air resistance doesn’t 
slow you down and that the pit goes between the North and 
South poles, so you don’t hit the sides as the earth turns. 

In physics, the way of solving a complex problem is often to 
make approximations or assumptions to turn it into a simpler 
problem. That’s OK, as you can ask yourself later on what the 
difference would be if you hadn’t made the assumption. But 
only once you’ve got to come to grips with the simpler version. 


Sometimes, mdud'mg 
all the s-tu-f-f 
v-ijht -Pv-orw 七 he stav-t 
makes -the pv-oblcrw 
impossible "to solve- 



In pkysics, you sometimes make approximations or assumptions to turn 
a complex protlem into a simpler version. 

Uncterstanding tke simpler version kelps you witk tke complex version. 
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Where youVe at - and what happens wext? 


You’ve learned to step into the problem, so you can be a part 
of it and ask “What would I feel” and “What’s it like.” 

This is a good way to start off and helps you see what the 
important things in the problem are. Here, you realized that 
gravity is important, and that you fall towards the center of the 
earth, getting faster and faster as you go. 

YouVe also used your intuition to spot ‘special points.’ YouVe 
spotted that the center of the earth is a place where the 
gravitational attraction between the stuff you’re made of and the 
stuff the earth’s made of is the same in all directions. 


And you worked out that this means you just keep on going at 
the same speed you were already going at as you pass through 
the center because there’s nothing to slow you down! So you’re ，代 pulled 
going quickly, but you aren’t getting faster and faster anymore. / 


YouVe fulled 
doy/r»Mdv~d[s. 


Yo\a get -Pas-tcv- 
as you -Pall. 



But now you’re through the center, what happens 
next? What would you feel? What’s it like? You 
already know that gravity is important and that its 
influence depends on where you and the earth are 
compared to each other. So - what happens next? 


r^lj^rpen your pencil 


You at 

ihc same speed- 



all ov mostly 
bclov/ 



all 

around 'y 0 ^* 


What do you think happens after you pass through the center 
of the earth? Do you continue at the same speed? Do you start 
falling faster? Do you slow down? How far do you think you 
keep falling? Or do you think something else happens? 

Draw a picture then write down any ideas you have. 


ov\ youv 
skeidh -fco help 



TK'mk abou*t v/Kcv-c -the majov-'rty 
o-f w s*tu-P-f W is \n\\Cy\ youVe 

3 *t various po'm*U m 

you are here ► 


11 































a land down under 


^harpen your pencil 

Solution 


CtY\{,tV o( *thc eav* 七 h. 


Move 、七 above 
you 内 bclo>w you. 


What do you think happens after you pass through the center of the 
earth? Do you continue at the same speed? Do you start falling faster? Do 
you slow down? How far do you think you keep falling? Or do you think 
something else happens? 

Draw a picture then write down any ideas you have. 


more.Ea\r-|t)) above you .*tKcy*c .•?. bclp.y^. .ypM-. 

This ad*b a bit like by-akes - youVc. away -f\rom -the 

bu*t ^y-ayi-ty s you badk The -fu\r*tiic\r -f\rom 

you ay-c, *t]Kc mo\rc above you, so -the mo\rc you slow dow^. 

I *tiVmk youll be movmj slov/c\r slov/cv- uirrtil you \rcadh o*t^c\r 
side of *tuir\^cl- 



— should r^cvcv- be 

tWe.qre no ^ ^ ask 一 

Dumb Questi9ns 


Tins is 3r\ 

a^o-tiicv 'spc6al fo’m 七 r 


I thought that gravity always 
speeds you up when you fall. Now 
you’re saying it can slow you down? 

Things are always attracted towards 
each other by gravity. Whether you’re 
already moving away from the earth 
or moving towards it, you'll always be 
attracted towards the center of the earth. 

But that doesn’t say anything 
about speeding up or slowing down! 

You need to think about the speed 
and direction you’re already traveling in. 

If you throw a ball up, it's moving away 
from the center of the earth, and it gets 
slower. When it comes back down again, 
it’s moving towards the center of the earth, 
and it gets faster. 


It looks likeyourealways 
attracted towards the center, right? 



You’re always attracted towards 
the center unless you’re already 
in the center. 

Right. When you’re on the surface at the 
start, there’s a lot more Earth under you 
than there is on top of you, and you’re 
attracted towards the center. This makes you 
speed up. 

When you’re in the center, the attractions all 
cancel each other out, and you keep going at 
the same speed. 

As you move through the center towards 
the other side, there’s more and more Earth 
above you than there is below you. So you 
start being attracted back towards the center, 
which slows you down. 
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think like a physicist 


Now put it all together 

Back on page 4, you wondered if you could ever escape 
from the bottomless pit. Being able to step out at the other 
side of the earth doesn’t really count as escaping, as you’d 
be a very long way from where you started! 

So - are you going to be able to get back home again, 
or are you doomed to hang out at the other end of the 
bottomless pit forever? 


andgm|h t blckto 。叫 SQl ^bre_akit down 


l^rpeti your pencil 


Could you ever get back home again - back to where you started before you fell in?? 

The pictures show what you’ve worked out for three special points so far. Use them to explain 
whether you think you’ll ever be able to make it back home again. 



frm 七： Tuv-h i\\t book ufs*idc-doy/r>. 

i*t 
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13 






























there... and back again 


r your 

Solution 


Could you ever get back home again - back to where you started before you fell in?? 

The pictures show what you’ve worked out for three special points so far. Use them to explain 
whether you think you’ll ever be able to make it back home again. 



l-f youVc at the othev ； 七 you just s*tcp badk *m do *t]Kc c»}tiy；c jou\r^cy 

*m ib?. 9pp9?)i：c d».v ； c^io^ Its all c^ad*tly .ihc same as you\r p\ri^*mal *ty*ip .ihvpvjh C 3 v；*th - speed 
.ihVP^jh slow doy^iy\ K Crncjr^c — youVc. badk you d«|mc ： 




Not only can you escape ， 

you end up on top ol tire world! ^ $ $ [°^ 


y\c ： 

Though do be dav-c-Pul - i-P you 
七 "fco step o(( 七 he Eav-th 
E>cpv-css at -the oihev- tf\d, you’ll 
-rail badk m-to *thc turmel 
and keep cm -Pallmg b> di^d -Pv-o 
七 hvou# i 七， 
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think like a physicist 



(majmc you’ve pairt a physics pv-oblcm. 

would you ^ccl? 






You can get a feel for what’s going on by being a part of it. 

Places >whc\rc inr\po\rta^-t o\r ’m 七 eves't’mg 七 IVmgs happen. 

You can use your intuition to spot special points. 

l^hcv-c have you sec^ ov- c^pcv-ic^cd Something like this bc-Pov-c? 

You can use your life experience to spot what things are like. 



you are here ► 
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physics toolbox 



Your Physics Toolbox 

You’ve got Chapter 1 under your 
and you’ve added some problem- 
oncepts to your toolbox. 


， I Be Pav-i of li 

solving ■ 1 w 


You yi a ^ f 

^voblems by askm^ youv-scl^ v/Kat W 

situation is Ll^t- 

l-b may look vevy a*iWcrc^*t i\\t 
s^Ut - W-t ^ you s ? ot ar. 

a^alo^Y OV a^d do 滅 dt 

从 c situation \p sometWi% y ou alv，cad V 
k ⑽一 *b deaUi 仏 VouVc so^r-ted. 


our Wa’ w W 


矽 e visual! 

w - ? 、 X 二抝。 

as m viovds. ^ 

一 ■ 

tt!: 二 〆 ^ 


|Vttih 3 you\rsel^ ih the hcM of 

\ hc ^ oblcm 3 iv « you diucs 
abou-t y/ha-t might be happc h i h g. 

/ou dah d^w Oh youm c^icue 

bc ^ usc P 一 s is all about how 
the world Vfoirks, a^d you^vc 9 o-t 

ple A〆 CX P CHC ^ 七一 . l^ ( 
Jouirscl+ ih ihc s^chaHo ahd ask 

咖七 would / 4cl? W 


£^>c6al Pom-ts 

S^cdial \>o*mls a\rc c%*t\rcmcs, fladcs 
y/Kcv*C im^ov*"t3^*t ov* m*tcvcs 七 nr >3 
*bWi 呼 V>a^pcw 

you >wo\rk ou*t Wat’s a*t 

w s^cdial you tav\ 30 -to 

w 6ormc6 七一 *tv^ - dots” and >work out 
y/V^aVs 50 * 1^3 *m brb/e ⑼ as y/ell. 


You alread 


ttah 


you 


iy khow 

七 hmk v< 


more 


Above all else, doh’t pahid 
about physics. \^>u already khow 

more thah you thihk you do -Pro 


you do 


v/o\r\ry 


1 you 

you\r \rcal li+C c>^pc\richdc. A^d by th 
Chd of -this book you II khow - 3hd 
Uhdcv-stahd — 3 whole lot mov-c. 
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2 mak!ng ?t all MEAN something 


fUnits and measurements 



M Sto«OpensTb^y 


New D 


How long is a piece of string? Physics is based on making 
measurements that tell you about size. In this chapter, you’ll learn how to use 
units and rounding to avoid making mistakes - and also why errors are OK. 
By the time you’re through, you’ll know when something is significant and 
have an opinion on whether size really is everything. 


this is a new chapter 
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myPod rocks 


Ifs the best music player ever, and youVe part of the team! 

Introducing the myPod - a revolution in portable music players! 

Your design team has just finished the final case prototype. Now 
you need to draw up the blueprints to be sent to the factory that’s 
manufacturing the cases. 


Just send us the 
case plans, and well 
send you a prototype 
ASAP! 


MEMO 

From: myPod Case Design Team 

We^ve just sent over the latest, and hopefully 
final，model myPod case design- 

Could you draw up the plans 


and send 


them to 


the cases are being 


model when you，re done. 

You will, of course, receive one of the limited 
edition numbered myPods for your troubles 
you manage to turn this around quickly. 


O 

o 



The -Pad-fcov-y 
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making it all mean something 


So you get on with measuring the myPod case 

The quicker the factory gets the plans, the better. 


r^|terpen your pencil 


Here’s the myPod case with various lengths marked out that you’ll need to 
measure. Cut out the ruler (or just use your own that looks similar to ours) 
and write in the lengths. (The myPod design team already started writing 
them on for you.) 
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size matters 


Whew the myPod case comes back from the factory 

After a lightning-quick turnaround, the myPod case comes back from 
the factory. But there’s a problem. 


%Sharpen your pencil 

Solution 


Here’s the myPod case with various lengths marked out that you’ll need to 
measure. Cut out the ruler (or just use your own that looks similar to ours) 
and write in the lengths. (The myPod design team already started writing 
them on for you.) 
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making it all mean something 


...ifs waaay too big! 

The myPod case is huge. Massive. Rocket-sized, not pocket-sized. 

But when you give the factory a call, they say they followed your 
instructions exactly. 




_ 

Something’s obviously gone very wrong. But what?! 

Have another look at your blueprint, and see if it 
could be interpreted differently. 
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units are useful 


There aren't awy UNITS ow the blueprint 

The ruler you used is marked off in millimeters (mm)- but there 
aren’t any notes on the blueprint that say this. The factory is used 
to working in inches and assumed it was a giant promotional item. 
Inches are around 25 times bigger than millimeters, so the my Pod j 
has come back MUCH bigger than expected! | 

In physics, it’s really important to say what the units I 

time you write down a number, 
numbers meaning, so 
whether the number 
^^^Hents millimeters or inches, 

^^^Jnething else entirely. 



e 


design -team set 
he rwis-bkc by 
uhits ov) the 
suv-cmch-ts they’d 
ady made- 




<5 



e 


Youv* vulc^s mav-ked 
\y\ mm - bu*t *thcv-c s y\o 
^o*tc o-f -this ay>y>whcv-c 
oy\ bluefv.m 七 . 



午 z 


w 


_i 

j 





The >r\umbcV"S OY\ 

the blucpv-'m*t 
do 灼 ’ 七 have UNITS. 


This rwcasuvcrwc^-t 
was supposed -to 

lOO rv>nr\ 

bui ended up as 
lOO ’mdhes - 
七 han a ytrsoJ 



A numter witkout any units is meaningless. 
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making it all mean something 



Units Magnets 

Throughout the book, you’ll be attaching lots of different units to 
numbers to give them meaning. Your job is to match the units with 
the kind of quantity they measure. You might not have heard of all of 
these, but give it a shot. 




Wsc these spaces -to dv^w -the —^ 


maghcts ih the \right dolurrms. 
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unit magnets solution 



Units Magnets Solution 

Check your work; were you able to match these up correctly? 



Length % 











Don’t worry if you’re not familiar 
with all of these units just quite yet. 


You won’t have to work with all of these unfamiliar 
units throughout the book! Instead, you’ll be sticking 
with the system used worldwide, which is what the 
next couple of pages are all about! 




Plus you Uh always look up 
Uh-Par»»i|ia\r uhi*ts. 
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making it all mean something 


Youll use SI units m this book (and in your class) 

- - - I\? Pliysids B 

The system of units used in physics worldwide is called SI (short for Systeme Internationale). 0 r A Level 
They’re much easier to use since they go up in multiples of 1000 for each ‘step.’ 


If you’re working with lengths, instead of having to do calculations using 12 inches in a 
foot, 3 feet in a yard, and 1760 yards in a mile, you have 1000 millimeters in a meter, 100( 
meters in a kilometer, and so on and so forth. 


Wov-k'mJ Ic^^s 
•is S|- 


And with masses ， instead of having to remember that there are 16 ounces in a pound 

and 2000 pounds in a ton, you have 1000 milligrams in a gram, 1000 grams in a kilogram ^ - y/ovk'mj v/rth 

(about the equivalent of three cans of soda), and so on. The only SI unit which doesn’t if ^ masses is edsie\r -too- 


follow this convention is time. 




Multiplying and dividing by 1000 is more straightforward mental arithmetic, so calculations U ，S ^ ^ C ^ 

involving SI units are quicker and easier than calculations with other unit systems. If you’re 0h 』 l u 411 / 8 cj ⑽ 

converting meters to kilometers, you divide by 1000 (easier), but going from yards to miles 
involves dividing by 1760 (not straightforward, and definitely not mental arithmetic!). 


inch 


Its easy *to multiply 
av\A divide by \0 } s 
medial 七 i 〔 


millimeter 




foot 




x 12 

r 

x 3 



Its iiavdcv bo 
do v\or>-£| 
multiplidatio^s 
dv>d divisions. 


yard 



x 1760 




x 1000 


meter 


x 1000 


kilometer 


mile 


The rwul-tipliev-s a\rc di-f-Pcv-c^t at 
s-fcdjc with S| 


SI units go up in multiples oi 1000 ， 
wkick makes tke matk a wkole lot easier! 
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ask away 


tWeiare no o 

Dumb Questions 


Run it past me again ■ why am I 
being forced to use SI units when I’m 
more used to yards and miles? I really 
have no idea how much a kilogram is! 

SI units have been used throughout 
the world as the basic standard in physics 
since 1960. SI units are an agreed worldwide 
standard and make sure that everyone is 
using the same words and definitions when 
they make measurements. 


Q/ But i don’t see why I can’t just use 
the units I’m more familiar with. Surely 
I’m less likely to make mistakes in 
calculations if I use units I’m used to? 

SI units actually make calculations 
easier. Instead of having to use all sorts 
of weird ratios to move between units (like 
inches, feet, yards, miles), you'll use tens. 
So even if they’re less familiar at first, they'll 
be quicker and easier in the long run. 


But I’m not at all familiar with SI 
units at the moment. What kinds of units 
am I going to come across? 

It's funny you should ask ... 


r- Here are the SI units youll use the most 



The SI unit of length is the meter. 

Other related units are the millimeter (1000th of a meter), 
centimeter (100th of a meter), and kilometer (1000 meters). 


Time 



The SI unit of time is the second. 

To work with time units, you’ll just use common sense. There are 
60 seconds in a minute, 60 minutes in an hour, 24 hours in a day, 
and 365 days in a year. 


Mass 



The SI unit of mass is the kilogram. 

Other related units are the gram (1000th of a kilogram) and the 
milligram (1000th of a gram). 


II you use SI units，people all over tke world will 
uncterstanct your measurements. 
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making it all mean something 


tJiereiare no o 

Dumb Questions 


It’s a real pain to have to write 
out Millimeters 5 or whatever every 
time. At least the units I’m used to have 
abbreviations - like lb for pounds. 

SI units have abbreviations too! 
Generally, you just use the first letter of the 
unit - m for meters, s for seconds, and so on. 

OK, but what about things that 
start with the same letter - meters and 
minutes, for example? 

The main SI unit takes precedence. 
The main unit for length is the meter, so it 
gets abbreviated to ‘m’. The main SI unit for 
time is the second ■ the minute is defined 
as 60 seconds, so it isn’t as important and 
usually gets abbreviated as ‘min’. 


OK, so what about kilometers and 
kilograms. They start with the same 
FOUR letters! 

The ‘kilo’ is a prefix that goes in front 
of the unit. A kilogram is 1000 times more 
than a gram; a kilometer is 1000 times 
further than a meter. The abbreviation 
includes the prefix as well, so kilograms are 
‘kg’ and kilometers are ‘km’. 


It’S easier wken 
everyone uses 

SI units. 


So “kilo” means 1000, right? But 
what does ‘milli’ mean, then? It sure 
meant 1000 when the millennium came 
around, but a millimeter and kilometer are 
different things, right?! 

Great observation! Kilo is Greek for 
1000, and milli is Latin for 1000. In the SI 
system, ‘kilo’ in front of a unit means it’s 
1000 times as big - so a kilogram is 1000 
grams. And ‘milli’ in front of a unit means 
it’s 1000 times smaller - so a millimeter is 
l/1000th of a meter. 

I was kind of wondering something. 
The meter is the main SI unit, and it 
doesn’t have a prefix before the unit. So 
why is the kilogram the main SI unit and 
not the gram? That’s plain weird! 



Most everyday physics things like cars, 
people, and such have masses that are a 
nice manageable number of kilograms, but 
thousands, or even millions, of grams. It 
was a convention that everyone ended up 
using from 1960 onwards. It's easier when 
everyone does the same thing! 




How would you convert the 
measurements you’ve already made 
into inches without remeasuring? 


Hey, you gotta help me out -1 
want this job to build the cases. 
Could you change the millimeters 
into inches on the plan? 


you are here ► 


27 










converting units 




Joe: Yeah. I guess we can remeasure the myPod using a ruler marked off 
in inches and make a new blueprint. 

Frank: That sounds like an awful lot of work. It took ages to measure 
all the lengths in the first place, and I can’t face having to do it all over 
again with inches instead of mm. 

Joe: Do we definitely have to remeasure though? Can we do something 
with the measurements we already made instead? 

Jim: It would be nice if they wanted the blueprint in centimeters instead. 
Then we’d just have to multiply each measurement by 0.1 to convert it 
from mm to cm. 


Frank: How does that work? 


Jim: We already know that there are 10 mm in 1 cm, which means that 
1 mm = 0.1 cm. For every mm, you have 0.1 cm. So if you multiply the 
number of mm by 0. 1， you get the number of cm. 


II you know kow 
many incites 1 nun is ， 

you can CONVERT 

your measurements 
Irom mm to incites. 


Frank: You mean if the measurement is 23 mm, you multiply the 
number of mm in the measurement by the number of cm that’s 
equivalent to 1 mm. So 23 x 0.1 = 2.3 cm. But what about the 
blueprint? That needs to be in inches, not cm, right? 

Joe: What if we find out how may inches 1 mm is? Can’t we do 
exactly the same thing we just did going from mm to cm? 

Jim: Hmm ... Yes, I think we could. 

Frank: So we’d multiply the length in mm by the number of inches 
that’s equivalent to 1 mm. It’s the same thing that we did to convert 
a measurement from mm to cm, but it’s more useful, as it’s what we’re 
actually supposed to be doing! 


Joe: So we can just use a calculator to do the new plans without 
remeasuring. That rocks! 

Jim: Let’s get to it! 
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making it all mean something 


You use cowversiow factors to change units 

At the moment you have a myPod blueprint measured in 
millimeters that you want to convert to inches. Although the 
numbers you’ve written down on the blueprint will change, 
converting the units of a measurement doesn’t change its size. 

The myPod still fits comfortably in your pocket whether its size is 
described using millimeters or inches! 

A meaningful measurement consists of both a number and its 
units. A conversion factor is the number you need to multiply 
your measurement by to convert it from one set of units to 
another. For example, if you want to convert measurements from 
mm to cm, you multiply by 0.1, as 1 mm = 0.1 cm. 

Most physics books have a table you can use to look up less 
obvious conversion factors (for example, to convert non-SI units 
to SI units). Google Calculator can also do the same job. If 
you don’t have access to a computer, we’ve also included some 
conversion factors in Appendix B. 


「 “Just Google it” 


丁 ypc y/Kat you y/a 灼七 
kr^ovf *m*to scav-dii bo% 


oy\ ^oo^lc 

y/v/y/.^oo^lcdom. 



If you’re at home or in class, 
the quickest way of looking 
up a conversion factor is to 
use Google! You can type 
things like 1 mm in inches or 
1 kilogram in pounds into the 
search box, and it automatically 
runs Google Calculator for you 
and gives you an answer! 


Make suvc you pu-t u ^uo*tcs w 
avou^d this, ov 6{oo(^t y/ill look 
(ov y/cb pajcs ihai 

please msicad o-f looking up 七 he 
dohvcv-sioh -Pad-fcov-. 


Rcmcrwbcv bo 5'ivc youv ar>sy/cv- 

__ ad COUTty, 

by i*U UNITS 


( 今 l^rpen your pencil 




Time to work out a conversion factor to change the 
myPod blueprint from mm to inches! 

Type 1 mm in inches into Google (or look it up in a book). 

Write how many inches 1 mm is here: 
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sharpen solution 


c^ij^rpen your pencil 

Solution 


Time to work out a conversion factor to change the 
myPod blueprint from mm to inches! 

Type 1 mm in inches into Google (or look it up in a book). 

Write how many inches 1 mm is here: 

I is *thc sdme ds 0.0^1)1001^1 mdhcs. 




XKis is iioy/ you should 3ir>sy/CV 

c^ucs*tior\s— ^ivc UNITS 3 CONTENT so 
*tKa*t youv air>sy/cv Kas M^ANIN^- 




Wcvcv cvcv- 
givc jus-t a h_bn this happchs/ 


You caw write a conversion factor as a fraction 


Now that you know that 1 millimeter is the same as 0.0393700787 inches, 
you need to do some math to convert the other myPod measurements to 
inches. 


The key is writing your conversion factor as a fraction so that the top and 


bottom of the fraction are both the same size: 


TKcsc *bwo ~"^0.0393700787 inches 

avc c^uWalcr>*t- 1 millimeter 



This ^\raC ， hov\ — I, as 
^ -tof ahd bo-t-tom 
bo-th -the same siz^. 


You can then multiply your measurement by the conversion factor fraction. 
Since the top and bottom of the fraction are the same size (or length), 
multiplying by the fraction is the same as multiplying by 1, and the size of 
your measurement doesn’t change. 

But multiplying by the conversion factor will change the units of your 
measurement, which is what you want to do! 
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making it all mean something 


I guess the conversion factor fraction could be written 
either way- with the inches on the top or the millimeters 
on the top. So I need to think about which way to write 


With fractions, you can divide out units 
like you’d divide out numbers. 

You can write the conversion factor fraction either way up: 

The -top ahd 

bo-fc-fcom 一 ^ 1 millimeter 

both -the 

s \2 jc > 




0.0393700787 inches 


0.0393700787 inches 
1 millimeter 



To work out the width of the player (60 mm) in inches, 
we want to end up with units in inches at the end, 
so use the conversion factor fraction that makes the 
millimeters divide out. 

You liave millimctcvs ov\ *tof 

miHimC*tcvs oy\ bo*t*tom, so divide out 

I 匕 — Ohly uhi-ts 

x\ 0.0393700787 inches you Ye Ic-f-t wi-th oive 


60 millimeters in inches 




TWk about SHE 

o-f youv- ar\sy/cv. VouVc 
a r\umbcv- less 

*bV^ar\ ^>0, so *b^»s looks 0^. 


2.362204722 inches 


ih^hes — whidh is 
what you Wolht. 



there ^ are no o 

Dumb Questions 


I don’t get the “conversion 
factor is equal to 1” thing. How can 
that be when there are different 
numbers on the top and bottom? 

There aren’t just different 
numbers on the top and bottom of the 
fraction - there are also different units. 

The top and bottom of the fraction are 
exactly the same size, so the fraction 
equals 1. The numbers are different 
because they’re expressed in different 

units. 


Q/ And being able to write the 
fraction in two different ways isn’t 
a problem because I can work out 
which one to use from the units? 

Yes. You want the old units to 
divide out so that you’re just left with 
the new units. Set up your fraction in a 
way that ensures this will happen. 

Or you can think, “Do I expect the 
answer to be bigger or smaller than 
the number I started with?” That works 
too. 


So far, we’ve wanted to go 
from millimeters to inches. But if 
I wanted to go FROM inches TO 
millimeters, would I just turn the 
fraction the other way up? 

Absolutely! Though always do an 
error-check just in case. Ask yourself 
if the units are going to divide out, and 
check that the answer’s around the 
size you expected. 
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units are useful 



Hey ... isn’t it kinda obvious that if 
1 mm = 0.393700787 inches, then 
60 mm will be 60 times bigger? So 
why carVt I just multiply by 60? Why 
all the extra fuss of laying it out with 
fractions and units and stuff? 


Units help you keep track 
of trickier problems. 

Here you’re only converting one set of units. 

But sooner than you think, you’ll be asked 
to work out how many seconds are in a year, 
which will involve you converting to minutes, 
then hours, then days, and finally years - a 
calculation that uses five different units in total! 

So it’s best to practice simpler problems using 
the same techniques you’d have to use for 
more difficult problems. It’s like practicing 
individual tennis shots over and over to perfect 
your technique. Then when you face a difficult 
opponent, the shot is totally second nature, and 
your brain is free to think about the match 
situation. 

There’s also the fact that examiners will 
reward you for showing your work, even 
if you get the final answer wrong! In your exam, 
you get rewarded for demonstrating that you 
understand the physics - and that means 
you must show the examiners how you worked 
out your answer. 
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making it all mean something 


Now you can use the conversion factor to update the blueprint 

OK, so you used Google Calculator to find out that 1 mm = 0.0393700787 inches. 

Now it’s time to modify the blueprint so that it uses inches instead of millimeters, and the 
factory can cope with it. 


i^^rpen your pencil 


Here’s the blueprint with some of the millimeter lengths marked. 
Convert them to inches and earn that limited edition player! Remember 
to show your work (there’s space down the right for that). 



some spate ovcv- 
licvc -fov youv v/ovk. 
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sharpen solution 




Here’s the blueprint with some of the millimeter lengths marked. 

Convert them to inches and earn that limited edition player! Remember to 
show your work (there’s space down the right for that). 


suv-c you lay 
out you\r y/o\rk, so i*t’s 
obvious whidli bit o( the 

fvoblcrw youVc doih^. 





A 





r4 

-0 






• 一 

-V 




mm 


I . 卿俠 0 外 


千 z 


ry\nr> 


• 午 2* mm m mdhes 


午 2 •一 


mm m mdhes 


y> 



X. 


o.oz^looie 7 , 






o.oi^lool^T 


^0^r\ 




100 mm \y\ mdhes 

100 ^， 0 0 罕 00 贺 

i°[iiooiQn u 


i>0 mm m mdhes 


^>0 


o.oi^lool^T 






• I mm m mdhes — dl\reddy ki^ov/ 
七 ha 七 I mm 二 0.0Z^l00le7 , 


II you need to ckange units during a problem ， 
look up a conversion factor to kelp, and 
skov your work wken you do it! 
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making it all mean something 


You just converted the units 
for the entire blueprint! 

After converting all measurements from mm to inches 
and checking that the units are written at the end 
of every number, you send the blueprints off to the 
factory and dream of your limited edition my Pod ... 


|*t’s -to r«akc suV-C you mdludc 

七 he ur>'rb EVERV time you dovm 

a as a -f mal ar^sv/cv-. 


What kind of ruler are you using 
anyway? There's no way we can measure 
a length like 2.362204722 inches! 



Put there's STILL a problem 


o 

o 



A couple of hours after mailing the blueprints, you get 
a call from the factory. They’re saying that they can’t 
follow the instructions on the blueprint, as they’re 
not capable of manufacturing the myPod case to the 
nearest 0.0000000001 inch! 





What could have caused this new problem? 
And how can you fix it? 
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the number of digits is significant 


What to do with numbers that have 
waaaay too many digits to be usable 


Right now your problem is that the numbers on the blueprint have too many 
digits. The blueprint says that the myPod is 2.362204722 inches wide, which 
implies that you measured it to the nearest 0.000000001 inch. But unless you 
have a ruler that can measure individual atoms, you didn’t! 

You have to decide how many of the digits in your answers are significant. 

A number’s most significant digit is the one that tells you the most about how 

big the number is - usually the first non-zero digit. The next-most 
significant digit is the next one along, and so on. 



Voy\{, wo\r\ry i-f VouVc hea^d 
"this Cs\\tA si^hi-ri^h't •fi^uv*cs ， 
•m the pas-fc. digits 

and -fi^uves avc "two 

(or e 乂 ad:ly 

the same 



The most si^r>i-Pidar>*t dijit m 
*tKis is u^its dijit 

|-p youv* r^umbev" is 0 - 002 -%, 
i*t^ *thousar>d*ths 
七 he mos*t si— 灼七、 


Tke most significant digit is tke one tkat tells you 
tke most atout tke SIZE oi tke numter. 


So tke first non-zero digit is tke most signiiicant. 
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making it all mean something 


How many digits of your measurements look sigwificawt? 

Since the numbers on your blueprint have too many digits, it makes sense to round 
them to get rid of some of the less significant digits. For instance, if you round i 

2.362204722 inches to one significant digit, it’s 2 inches (since it’s closer to 2 than it is to 
3); to two significant digits it would be 2.4 inches (since it’s closer to 2.4 than it is to 2.3). 

But how many significant digits should you round your measurements to? 


Po^-t wo\r\ry "too muth 
、 dbou*b this — youll be 
lookm^ 3*b 

oy\ the douflc o-f pajes. 






Use the grid to draw squares and columns that represent 
2.362204722 inches (your measurement of the myPod’s width) in 
the same way as on the opposite page. Beside it, write the digit 
that each group of squares or columns represents. (There may not 
be space to draw things for all of the digits in your number.) 

How many digits of your measurement do you think look 
significant, or how many digits make an appreciable difference to 
the size of the number? Write your answer in the space below. 


- t 

_ *1 

flu’ll 
: he 7 

alv-e 

Y\tt( 

L \ay\\ 

: ady 

i -to 

*U \y\ 

\>u*t 

file 

you' 

•m o» 

。灼 d 

r me 

ur 

asu\r< 

ii*U s 
七 

o \rC| 

t. 

t -f o 

ir yoi 
灼七一 

A- _ 

> 
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dolunrms bo othev-. 
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Units 




Tenths 


Hundredths Thousandths Ten-thousandths 




Pcdimal po'm*t 
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sharpen solution 


Sharpen your pencil 

Solution 





These dibits dll 匕 oirrbrilou 七 e 

Sl^KIFICAKTLy io the 

o( the a^sv/cv-. 





b ，】 

u 



Use the grid to draw squares and columns that represent 
2.362204722 inches (your measurement of the myPod’s width) in 
the same way as on the opposite page. Beside it, write the digit 
that each group of squares or columns represents. (There may not 
be space to draw things for all of the digits in your number.) 

How many digits of your measurement do you think look 
significant, or how many digits make an appreciable difference to 
the size of the number? Write your answer in the space below. 

0Y\\y -the vcally doir\*tv-ibu*tc *towa\rds -the sizjC 

of a^sy/cv-. The 七 housa 灼 d*ths *tiiousa^d*tlis do^*t 

\rcally- So j 七 iVmk I should \rouir\d *to 1> di^i*ts- 







These digits ds y/ell 

⑽七 be 七 heire, as 七 hey 
Aoy\{, \rcally dorrbributc *to 
the S|^E o( the a^sy/cv-. 




Ten-thousandths 


Tke iirst THREE digits oi a numter are tke most significant. 

Tke otker digits don’t contribute muck to tke SIZE ol tire numter. 
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making it all mean something 


ftewcrally, you should round your 
answers to three significaHt digits 


Unless you have extra information you can use to help, you 
should round your final answers for any calculation to 
three significant digits. The other digits in the number 
don’t really contribute towards the size of the number. 

You weed to follow certain rules 
when you're rounding answers 

When you’re rounding a number, look at the 
digit to the right of the final significant digit 
that you want to round to. If this digit is 4 or 
less, then round down. If it’s 6 or more, then 
round up. 

So you would round down the width of the 
my Pod, 2.3622... inches, to 2.36 inches, as 
it’s closer to 2.36 than it is to 2.37. But you’d 
round up a measurement of 4.5874... inches 
to 4.59 inches, as it’s closer to 4.59 than it is to 



4.58. 


If the digit to the right of your If the digit to the right of your 


If the digit to the right of your final significant 
digit is a 5, then look to see if there’s another 
digit after the 5. If there is, round up. If there 
isn’t, round upor down to the nearest even 
digit. So 2.365 would round down to 2.36, and 
2.375 would round up to 2.38. 

Once you’ve rounded your answer, always say 
how many significant digits you’ve rounded to, 
for example, by writing 2.36 (3 sd). 

_ _ w si^i-fida^*b 

dig’rU-” 


Wken you’re rounding 
a nuititer, tke ctigfit to 
tke rigkt ol your linal 
significant digit tells 
you wkat to do. 


last significant digit is 4 or less, 
round down. 


last significant digit is 6 or 
more, round up. 






If the digit to the right of your last 
significant digit is a 5 and there are 
other digits after it, round up. 


If the digit to the right of your last 
significant digit is 5 and there 
aren’t any more digits, round up or 
down to the nearest even number. 
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the difference between digits and decimal places 



t+ur>dv-cd*tiis 



Thousandths 




Ur>i*ts 



The -f iv-s*t *thv-cc dibits o( ’ 一 
AK^/ ir\umbc\r 3\rc *thc mos*b 、‘ 
(hov/cvc\r bij 
small the i^umbcv- i-tscl-r 


6 ^( 2 )(D 



The -Pivsi ihv-cc digits o( a 
r>urwbc\r rwijhi be ar>yv/licvc- 
bc-fo\rc, mdludm ^； ov a-p-tev* 七 he 
dedimdl pomt So its bettev" 

"to "tlimk \v\ digits 

v-aihev- dedimal places. 



6 i( 2 )@ 




Tm used to rounding things to a certain 
number of decimal places. Why bother with significant 
digits? Why not just say ''round the measurements to two 
decimal places"? Wouldn’t that be just the same? 


Significant digits and decimal places aren’t the same 

They may both be ways of describing how many digits to include in a 
number, but they’re not the same as each other. 

When you represent the number 2.3622... using squares and columns, 
you can see that the first three digits contribute far more to the size of 
the answer than the rest. So you round it to three significant digits, 2.36 
(3 sd), which also happens to be the same as rounding it to 2 decimal 
places ... this time. 

However, if the number had been 236.22, you could have drawn it out 
in just the same way. And again, the first three digits are by far the most 
significant, so you’d round it to 236 (3 sd) just like last time. But this time, 
you’re rounding the number to 0 decimal places. 

As it’s always the first three digits of an answer that are the most 
important regardless of how big the number is, it’s best to think about 
significant digits rather than decimal places when you’re doing physics. 




Tc 


■■■■■_ 
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making it all mean something 


Is it OK to rouwd the myPod blueprint to three 
significant digits? 

You’ve already come a long way towards earning that free limited edition myPod! 
First, you measured the myPod case with your ruler and produced a blueprint so 
that the factory could produce the cases. 

After a blip where the case came back 25 times too big (because there weren’t any 
units on the blueprint, the factory assumed it was a giant promotional item), you 
came storming back and learned that with conversion factors, you can change 
the mm to inches without remeasuring the myPod. 

Then, the factory pointed out that the converted measurements had too many 
digits in them - don’t believe everything your calculator tells you! But you 
realized that some digits are more significant than others, as they tell you the 
most about the size of the number. And you learned that, in general, you should 
round calculations to three significant digits. So ... are you set to go? 


I guess that rounding answers to three significant digits is the 
general rule in physics. But what if I know more about how a specific 
measurement was made. Does that/affect what I should do? 




(^cwcrajiY^)you should 

iwt digits 


answers to three sigwificai 


s Unlessyou have extra information you can use 
should round your tmal answers tor any calculationTo 

three significant digits. The other digits in he number 

don’t really contribute towards the size of the nlimber. 








4 







How might the way the original measurement was 
made affect the number of significant digits you 
round your converted answer to? 
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rounding numbers roundup 


You AIREAPY intuitively rounded your 
original myPod measurements! 

When you were measuring the myPod to draw your original plan, you 
probably found that some of the dimensions weren’t a whole number of 
millimeters long. The thing you were measuring didn’t exactly line up 



You skoulct always round your measurement to tke 
nearest scale division on your measuring apparatus. 

42 Chapter 2 
































making it all mean something 


Awy measurement you make has an 
error (or uwcertaiwty) associated with it 

Any time you make a measurement, you intuitively round it to the 
nearest scale division on your measuring apparatus. But this means that 
a measurement you make with your ruler and write down as “7 mm” 
could actually range from just over 6.5 mm to just under 7.5 mm. 


If you make a measurement, it’s important that you (and any others 
using it) know how much uncertainty or error is associated with it. 
Was the 7 mm length measured using a ruler with a scale division of 
1 mm, or with a micrometer with a scale division of 0.001 mm? 

If you make a drawing of the thing you’re measuring, you can show the 
range that the measurement may lie in using error bars, which mark 
the range’s extremes. 


If you write down your measurement, you can show the margin of error 
using numbers. The 7 mm measurement made using the ruler might be 
up to 0.5 mm larger (and rounded down to 7 mm) or 0.5 mm smaller 
(and rounded up to 7 mm). You write this as 7.0 mm 土 0.5 mm. 

Because you round your measurements to the nearest scale division, the 
associated error is always + half a scale division. 


You say *tKis as 



A rwcasuv-crwcht Quoted Bs u 7 
will actually lie so^cwhcv-c \v\ -the 

Why 4 V 。 你么 mm ■(» 75 mm. 

丁 is w\ri-ttch as 7 mrw ±0.5 mm 



If my measurement has an error, 
does that mean I did something wrong? 

No! In this context, “error” is another 
word for “uncertainty” - the range that your 
measurement might fall into. 

I can eliminate the error on a 
measurement completely if I have a good 
enough measuring device, right? 

Not really. You can reduce it, like 
by using a micrometer where the error is 
±0.0005 mm instead of a ruler where it’s 
±0.5 mm. But no surface is ever perfectly 
smooth at the atomic level, so you’d never 
be able to completely eliminate uncertainty. 


So is trying to reduce errors 
associated with measurements a good 
thing, or is that just being a perfectionist? 

The smaller the error on your 
measurements, the more certain you can be 
of your results. 

OK. But a couple of pages ago, we 
decided we should round calculations to 
3 significant digits. But now we’re making 
measurements like 7.0 mm ± 0.5 mm. 
Neither the measurement nor the error 
have three significant digits! 

That (general) rule was for 
calculations, not for raw measurements. 


But if we know how the 
measurements were originally made, 
surely that affects how I round the 
converted values on the blueprint? 

Yes. Rounding to three significant 
digits is a general rule when you don’t know 
how the measurements you used in your 
calculation were made. But when you have 
more information about the error, you can 
propagate that through the unit conversion. 

That kinda makes sense, but how 
do I actually DO it? 

It's funny you should ask - that’s what 
we’re just getting on to now. 
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rounding errors 


The error ow your original measurements should TV^ SlZt youVc 
propagate through to your converted blueprint yo»? tor\VC\rt its “rb. 

You already used your ruler to round the myPod measurements to the nearest mm. 

This gives you the error associated with each measurement. 


To work out the equivalent to rounding like this using inches, you need to convert 
your error from mm to inches. Then you can write your final answers in inches, 
along with their errors in inches, so the factory knows how well they have to 
measure. 



But the problem is that the converted 
measurements have too many digits. If I convert 
the error from mm to inches, I’m just shifting the 
problem over - now my converted errors have too many 
digits! How’s anyone supposed to know how much 
of the converted error is significant?! 


V 


Round converted errors to ONE significant digit. 

Once you’ve converted your error, it’s conventional to round it to 
one significant digit. Then you round the measurement to the last 
digit affected by the error (which is the same as saying “round to the 
same number of decimal places as the error’ 


1^ 

So if a converted error becomes ± 0.061842375 inches, you’d round 
it to one significant digit: 土 0.06 inches (1 sd). So a measurement of 
27 mm, which converts to 1.0106299213 inches, would be rounded 
to 1.01 inches 土 0.06 inches since the hundredths digit of the 
answer is the last to be affected by the error. 



The SIZE 

o( the CV-V-o\r 

does " 七 

匕 

either y/hc 灼 

you dO|r>VC\rt 
its uhits- 


This is just By\ 
example - its y\o{, 
y/ha*t youv myPod 
CV-\ro\r "to' 


It’s conventional to round converted 
errors to ONE significant ctigit，tken 
round convertect measurements to tke 


last digit aHected ty tke error. 
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making it all mean something 


Use the page opposite to work out how many significant digits to quote the 
measurements to. Write your rounded answers in the boxes! Remember, you 
originally measured the myPod to the nearest mm, and Google Calculator told 
you that 1 mm = 0.0393700787 inches. 

Thcv-c s some spade do^jy\ hcv-c 
tov- you -fco v/o\rk out "the 

I •厶 % 弓午 330 弓午 e\r\ro\r oy \ you\r medsuverwerrts. 

Make suve you cxplam -the 

- stays youVc -thv-oujh. 


Remember to state the error on your measurements. 


-jh 


<3- 

2 




Right! Time to attack the blueprint again! 


Now that you know how to convert measurements and how many 
significant digits to include, it’s time to attack the blueprint again! 



pen your pencil 



z. 财 2*o 午 m" 


ULSOmyi 

- u 



ULSOLifioo 
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sharpen solution 



irpen your pencil 
Solution 


Use the page opposite to work out how many significant digits to quote the 
measurements to. Write your rounded answers in the boxes! Remember, you 
originally measured the myPod to the nearest mm, and Google Calculator told 
you that 1 mm = 0.0393700787 inches. 


Remember to state the error on your measurements. 


><■ 




■t. 


\W± 0.02! 1 


% 


r 


o 


o 



dovm hcvc 

■fov you -bo v/ovk out the 
cvrov cm youv 
Make suve you ocplaih -the 
stages youVc gorng thvougli. 



division oy\ o\ri^'mdl \rulc\r is I 
so c\r\ro\r oy\ is ± n\n\. 

Cor\VC\rt C\r\ro\r ： nwn\ \y\ 

I 

Round C\r\ro\r -to I sd: 

^ 一 > &TVOV 二士 O.Oi”（I sd) 

So quote rwyPodi -to 

-the r\urwbc\r o( de 乙 iw^l fla^s. 

(|h -this cbsc , Z dai 你 al places.) 



P'id you 

如 UNITS?? 





o.oV } 




o 

o 

+i 


^oo+'rl/oo 
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making it all mean something 


^ STOP!! Pcforc you hit send, do your answers SUCK?! 

What’s happened so far has probably convinced you that it’s a good idea to check 
over your answers before you turn them in. So - does your answer SUCK? 

S is for Size— How big/small are you expecting the answer to be? 

U is for Units— Does the answer have units, and are they what was asked for? 


C is for Calculations- Check them over and look out for silly mistakes! 

K is for 6 K 5 ontext— Go back to the big picture - what are you trying to do, 

and is it the same as what you actually did to get your 
answer? 



Fill in the sections to see if your myPod blueprint SUCKs! 


Always ckeck 


your answers 
teiore moving on. 


This is so you dov\-i lose poihts \y\ 
exams -Po\r doihj Silly 仏 ― that 
you CoM have ^voided. 



SIZE- Are the answers the size you're expecting? 



UNITS- Do they have units, and are they what you were asked for? 



CALCULATIONS- Did you do the math right? 



"K'ONTEXT- What are you trying to do, and is it the same as what you actually did? 
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sucky solution 




Solution 


Fill in the sections to see if your answer SUCKs. 



This is 如 EXTRE/WEL/ 

usc-ful way o-p dkdkihg 
you\r ahswc\r is plausible. 



SIZE- Are the answers the size you’re expecting? 

Well, mdhes a\rc bigjc\r .ih 和 . I!—.ih?. be smallcy- 

i^umbc\rs *tha^ -the miHimc*tc\r mcasu\rcmci^*ts. They seem dbou*t -fo\r d musi£. playc\r. 



UNITS- Do they have units, and are they what you were asked for? 

The -fcld-toy-y ^ccd .1. .do|)yc\r-tcd *th?. -to [ also used /the 

^urwbev- o( 出少七 5 . 



CALCULATIONS- Did you do the math right? 

I. .iKink.sp*. .Tbe. .C<>r>yc!rs'm. .-faA*to\c.is .ibc. .vri.jKi. Uq. .the. .divide, pwi.) .and. 

the sizjcs ajy-cady. ^edked ou*t 0 ^. 



"K’ONTEXT- What are you trying to do, and is it the same as what you actually did? 

J. .y/a»t .h>. .CQj^vc^i . -f vtp.^. mm ,-b. .inches. SAsi^j. tKc .CoxrcCi 力 w^.bar . 

由 . 3 i 七?. (based op -the c\rv-.9V. elssodici'tcd with -tKc .开吩. 1 ^.印* t 5 .).. 


ALWAYS ask yourself ： 
’’Does my answer SUCK?” 

Lelore you move on 
to sometking else 
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making it all mean something 


You nailed it! 


The blueprints are right at last, and the factory is 



happy! Before you know it, you’re relaxing by the 
pool with your limited edition my Pod. 


But what about the giant myPod case 
the mailman delivered? It was used for 


an even more limited edition supergiant 
version that sold for thousands of dollars 


in an online auction, with massive 
publicity. 































is that your final answer? 


Not so fast! I think IVe spotted something. I put 1.5 〃 for the height of the 
screen instead of 1.50”. The 0 doesn’t add any information to the measurement, 
and there's no point in wasting ink, right? So whys it in the blueprint? 


O 



The zero gives you extra information. 

The number of significant digits you include in an 
answer implies the size of the error. The final digit 
you include is the one that is uncertain. 

Here, your error is ± 0.02 inches - the length 
could be up to two hundredths of an inch 
either way. Writing down the measurement as 
1.50 inches correctly implies that the hundredths 
digit is uncertain. But writing down 1.5 inches 
implies that the tenths digit is uncertain, as it’s the 
last digit in the answer. 




don’t know 
anything about the errors of the 

using in a 



Answers skoulct 
kave tke same 
numter oi 


significant digits 
tkat you were 
provictect witk in 
tke question. 


If you don’t know what the errors are, use 
the same number of significant digits in 
the problem. 

The first three digits of a number are the ones that are 
significant enough to be worth keeping when you round an 
answer. This means that most of the numbers you are given 
to work with are usually rounded to three significant digits. 

So when you come up with an answer, you should also 
round it to three significant digits to preserve what was 
originally done to the number before you were given it. 
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making it all mean something 


Whew you write down a measurement you 
need the right number of sigwificawt digits 


If you write down a measurement of 1.5 inches, you’re implying that it was 
measured to the nearest 0.1 inch (at best), i.e.，the error is ± 0.05 inches. 


If you write down a measurement of 1.50 inches, you’re implying that it was 
measured to the nearest 0.01 inch (at best), i.e.，the error is ± 0.005 inches. 

So if you write down 1.5 inches when you should have written down 
1.50 inches, you’re implying that the measurement is TEN times worse 
than it actually is. 


Wve Chided -this \^ C) 
so you cav\ see whats 
9 om 9 «^oirc dc^ly. 



therejave nQ o 

Dumb Questi9ns 



II you leave out a zero tkat would te ailected Ly 
tke error ， you’re implying tkat your measurement 
is TEK times worse titan it actually is! 


In some physics books, 
there are tables of constants 
with lots of significant digits, 
like the speed of light = 
29979245.8 meters per second. 
That implies an error of 
± 0.05 meters per second. Am I 
really supposed to write down 
NINE significant digits when 
the error propagates through 
to my answer? 

When you're asked to work 
with numbers like that, don’t 
round anything until you reach 
the end of your calculation. It’s 
normal then to round your final 
answer to three significant digits. 

I’m a bit confused about 
zeros now. At first I thought 
they were just placeholders, 
but now you’re saying they’re 
sometimes significant. The 
zeros in the number 0.005 
aren’t significant, right? So 
how can I tell whether a zero is 
significant or not? 

We're just going to 
interview a zero to get it all 
straightened out... 
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interview with a zero 



Zcvos 

This week’s interview: 
Hero or Zero? 


Head First ： Now, onto today’s special guest - a very 
well known figure. As one of the papers asked recently 
- hero or a lot of fuss about nothing? So, Zero, what’s 
your take on this debate about your importance? 


Zero ： Well, the short answer to your question is that 
my significance kinda depends on where I am in a 
situation. 

Head First ： How do you mean? Surely you’ll be 
equally significant - or might that be insignificant 
-to anyone doing math all around the world? What’s 
location gotta do with it? 

Zero ： I don’t mean where in the world you find me. I 
mean where in the number you find me! 


Head First: So, you reckon your significance depends 
on where in a number you are. But surely zero is zero, 
whether it’s zero units, zero tenths, or so forth? 

Zero ： Well, yes, that’s why I was originally invented - so 
you wouldn’t lose your place in a number. 

Head First ： So you’re just a placeholder, right? 

Zero ： Oh no, not at all! Sometimes I’m a placeholder, 
but sometimes I’m really significant! 

Head First ： You’re gonna have to help me here ... 

Zero ： Well, I’m a placeholder if I’m at the left of a 
decimal point in a number that’s less than 1. Like in 
0.00123, the zeros at the start of the number are just 
padding so that the rest of the digits fall into the right 
place. 

Head First ： And when aren’t you just padding? 

Zero: If I’m not at the start of the number, then I’m 
significant. Especially if I’m part of a measurement. 


Head First ： Why are measurements special? 

Zero ： Measurements are quoted to the same number 
of significant digits as your measuring device. So if your 
ruler’s in mm and you measure something 5 mm long, 
then you write 5 mm ... 


Head First ： ... but there’s no zero there ... 

Zero ： ... and if your ruler was marked off in tenths of 
a mm, you’d write 5.0 mm. 

Headfirst ： But why write the extra zero at the end 
when it’s just the same thing? It’s still 5 mm long! 

Zero ： Because you’ve measured it to a tenth of a 
millimeter this time. So you need to have a figure in 
there to say how many tenths there are. The number of 
tenths is highly significant! 

Head First ： But there weren’t any tenths! So 5 mm 
and 5.0 mm are just the same number, aren’t they? 

Zero ： But they don’t have the same meaning. 
Measurements have meaning! If it has a decimal 
point, then the last figure of the measurement tells you 
about the size of the error. So the last figure is always 
significant - even if it’s a zero! 

Head First ： And if there’s no decimal point, say in a 
number like 1000?! 

Zero ： Then it’s ambiguous - you don’t know exactly 
where it was rounded. Was the 1000 originally 501 
rounded to the nearest thousand (1 sd), or 1000.1 
rounded to the nearest unit (4 sd)? That’s why you 
should always mention the number of sd when you 
make a measurement or give an answer. 

Head First ： Well, thank you, Zero, for coming in 
today and explaining what you do. 


Measurements kave MEANING! 

Zeros are significant wken 
tkey skow you tke error 
on a measurement. 
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making it all mean something 





Units 


Reference standards for measurements. For example, 
meters for distance and seconds for time. 


_ Does it 

__| SUCK? 


Check the Size ， Units, Calculations, and Kontext of your 
answers to see if they make sense. 
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physics toolbox 
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3 sc!ent!¥ic notsdSon, area, and Volume 






+ 


All numbers great and small + 



Wait....how big? How 
much? How many zeros? For 
petes sake...get to the point! 


In the real world, you have to deal with all kinds of numbers, 
not just the ones that are easier to work with, in this chapter, you 11 

be taking control of unwieldy numbers using scientific notation and discovering why 
rounding a large number doesn’t mean having to write a zillion zeros at the end. You’ll 
also use your new superpowers to deal with units of area and volume ■ which is where 
scientific notation will save you lots of grief (and time) in the future! 


this is a new chapter 
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disgusting dormitory 


A messy college dorm room 

Well, actually a particularly filthy college dorm room - Matt and Kyle 
probably wouldn’t know one end of a vacuum cleaner from the other, 
and the idea of cleaning has never entered their heads. 



But the Dorm Inspector has had enough... 
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scientific notation 


Head First U Department of Dorm Inspection 

Your dorm room is becoming hazardous to your health ， 
and this state of affairs must be dealt with. We，ve 
detected a single specimen of a bug that doubles 
in number every twenty minutes. 

Ifthe bugs grow to occupy more than 6 x io~ 5 m 3 , theyll 
take over your room, and you will need to find a new 
place to live while we fumigate your living area. 

Sincerely, 

Dorm Inspection Team 


_ 

So how long before things go really bad? 



0 ^ 


Do we have to clean up 
tonight, or can we just 
wait until tomorrow? 


Yeah, how serious can 
these little bugs be? 






Every 20 minutes, the bugs will divide in two. So the 
total number of bugs will double every 20 minutes. 

How many do you think there will be by tomorrow 
(12 hours later) - and how might you work that out? 
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how many? 




Is it true? Can these bugs 
really get us evicted? 


s 7 S X 

s s s s 

1 ^ ^ 4 ^ ^ ^ 


Kyle: Whether they can or not, just the thought of it makes me 
queasy. Maybe we oughta just straighten this place up now. 

Matt: I’m sooooooo tired. Can’t we wait until tomorrow? 

Kyle: But that might be too late! 

Matt: We can work it out, right? The bug doubles every 20 minutes, 
and it’s 10 pm now. If we get up at 10 am, we’ve given the bug 12 
hours to keep on doubling. Surely there can’t be that many by then? 

Kyle: OK, let me sketch this out... 

... if we start off with one bug ... 



s 


... after 20 minutes, there’ll be two of them ... 





s 


... 40 minutes = 4 bugs ... 


s s s a 

yL ^ ^ 1 / ^ S 








...1 hour = 8 bugs - not that many and 
we only need to give it 12 hours ... 

… 1 hour 20 minutes =16 bugs ... 

...1 hour 40 minutes =... 


Kyle: ... hmmm, I’m not sure - my drawing’s getting messy! 

Matt: Yeah, the drawing will take forever. There’s gotta be a math 
way to figure out how many bugs there’ll be after 12 hours. 


Kyle: Yeah, OK. 

Matt: Hmmm. I can’t think of an equation for “the bugs double 
every 20 minutes,” but we could just make a table to keep track of 
things and keep on doubling until 12 hours are up. Then we’ll know 
how many bugs there’ll be by the morning. 

Kyle: I think that’ll work, but there’s still that funny phrase in the 

r Q 

note, “If the bugs grow to occupy more than 6 x 10 J m I don’t 
know what that is, but it sure ain’t a number of bugs. 


Matt: Why don’t we worry about that later, once we know how 
many bugs there’ll be... 
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scientific notation 
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sharpen solution 


^Jharpen your pencil 

Solution 

You s*ta\rt o^f y/i*th I bu^- 
A-f"tc\r 2-0 m’mutes, i*t’s doubled 
OY\Ct, By\A thc\rc a\rc Z bujs. 



This is as 
-Pav as they 
Jot v/ith 
七 heiv sketch. 


Matt and Kyle have drawn up the table below and started 
doubling the bugs. Your job is to finish off the table, to see how 
many bugs there’ll be after 12 hours. 


Number of 
doublings 

Elapsed 

time 

Number of 
bugs 

1 

20 min 

2 

2 

40 min 

4 

3 

1 h 

8 

4 

1 h 20 min 

16 

5 

1 h 40 min 


b 

Zh 


1 

Z h 2-0 m m 

m 

8 

2> h 午 O m m 

z 弓厶 

9 



10 

Z \\ 2-0 m m 

loz 午 

11 

3 h 午 O mm 

zo^e 

12 

午 h 

切私 

13 

午 h 2>0 m m 


14 

午 h 午 O mm 

卿午 

15 

^ h 

i>rM 

16 

^ \\ 2-0 m m 


17 

弓 h 午 0 mm 

IZlOll 

18 


z ⑵午午 


Number of 
doublings 

Elapsed 

time 

Number of 
bugs 

n 

厶 h 2*0 m m 


10 

厶 h 午 0 mm 

lO^lb 

11 


ZOV^2. 

VI 

7 \\ 2-0 m m 

午午午 



are d 1 。七 J doublmy m 12* Kouvs, so 
y/c vc — ⑼ you spade bo dor>tmuc *tKc table. 
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scientific notation 


Power wotatiow helps you multiply 
by the same number over and over 

If you want to multiply by the same number several times 
over, you can write it down using power notation. This 

means that 2x2x2><2><2 becomes 2 5 , as there are five 

instances of 2. When you say 2 5 out loud, you say “two to the 
power of five” or sometimes just “two to the five.” The five 
part is called the index. 


This y/hole is 
■the same as 
Zy.Zy.Zy.Z'X.Z 


Wumbcir -that 
youVe rwultiplyihft 
by lots <^p -ti rues. 


Your calculator's power button gives you superpowers 





Ho>w mdir>Y -times youVc 
mu l*tiply*mg by *rt- This 
is tailed INDEX 


You can use the power button on your calculator to multiply 
by the same number lots of times without having to type it all 
out. Usually, you type in the number you want to multiply by, 
then press the power button, then type the number of times you 
want to multiply by it. 

Watch out though - different calculators have different things 
written on the power button! Make sure you know what yours 
looks like and how it works before you try to use it! 

If your calculator doesn’t have a power button, then you’ll need 
to get a scientific calculator. It’ll help you out in the long run 
as you move onto solving more sophisticated and complicated 
physics problems. 



Kumbcv- 
youVc rwultiply'm^ 
by lo*ts 


— ^^rpen your pencil 


(a) The number of bugs 
doubles every 20 minutes. 
How many times do you 
need to multiply by 2 to get 
the total number of bugs 
after 12 hours? 

(b) How many bugs will 
there be after 12 hours? 


There’s hcv-c -to 

what youVc 



Power 

notation makes 
multiplying 
ty tke same 
numter over 
and over 
less prone to 
mistakes. 
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sharpen solution 


(parpen your pencil 

Sobtion 


(a) The number of bugs 
doubles every 20 minutes. 
How many times do you 
need to multiply by 2 to get 
the total number of bugs 
after 12 hours? 

(b) How many bugs will 
there be after 12 hours? 



(a) There arc 1> lo*ts of 2.0 mmu 七 es 

\y\ hour. |h IZ hours arc 1> x. 

IZ 二 ； 厶 periods o-f 2-0 nr\*mu*tcs, so 
■they double times. 

(b) Number of bugs a-f*tcv- IZ h 二 

number a*t s*tav*t % ^ groups of Z. 


Numbcv 


% 


T^ke "time "to jo 七 dovm 
>whai youVc do'm^ a^d 
why- li helps you -to 
stay oy \ -tvadk- 



lV\ri 七 e wha 七 

YOUR tal 乙 ula*tov 


Sd'ld iy\ llCV"C. 



It’s important to understanct tke 
answers your calculator gives you. 


Dcrn’t just dopy 
a^sy/cv-s dowh 
drtdl move oh. 
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scientific notation 


Your calculator displays big numbers 
using scientific wotatiow 

Sometimes, an answer has too many digits to fit on your 
calculator’s screen. When that happens, your calculator displays 
it using scientific notation. Scientific notation is an efficient 
and shorter way of writing very long numbers. 


The value of 2 36 has 11 digits in it, but a calculator doesn’t have 
enough space to display all of the digits. So instead, they’ve 
rounded the answer to the number of significant digits that 
they can fit on the screen. 


The first part of the number on the screen is for the part that 
starts 6.87... 



dalled s*tar>davd -Pov-m. 
wov-v-y, -thcyVc i\\t same 七 Wm} 


Answers written 
in scientific notation 
kave two parts. 




— 


But there were already 8 bugs after an hour. 8 is more than 
6.87, so how can the answer to 2 36 possibly be that small?! 


The second, part of the number tells you 
the size of the first part. 

Numbers written in scientific notation have two parts. 

The first part is a number with one significant 
digit before the decimal point and the rest of the 
number after the decimal point. 

The second part tells you the number of 10 ? s you 
have to multiply the first part by to make your 
answer the correct size. 


This pair 七 tells 
you how lO’s 
■to multiply the 
•fivs 七 favi by. 



The first calculator’s given an answer 

of 6.871947674 x 10 10 . It’s given you 
10 significant digits, and the number is 
the same as writing 6.871947674 x 10 
x 10 x 10 x 10 x 10 x 10 x 10 x 10 x 
10 x 10, which is 68719476740. 



The second calculator has displayed 
6.871947E10, which is 68719470000- 
it’s rounded the answer to seven 
significant digit and used an E to 
indicate the second part of the number 
because of the limits of its display. 
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the sc/ence behind scientific notation 


為 ■■ 广 • ■ So you do^*t have *to 

Scientific wotatiow uses powers of 10 y/V-i*tc them ou*t the \oy\^ 
to write down long numbers - - 一 " di^is or sorncth'mj! 


Q/T 1 

You calculator’s given you the answer 2 = 6.871947674 x 10 . You know 

that to get this into the form you’re used to, you need to multiply the first part 
of the number by ten groups of 10. 

Each time you multiply by 10, the number’s digits shift along one place to 
the left so that each digit is worth 10 times more than it was before. 

But it’s quite hard for you to draw that, so practically speaking, you can get 
to the same place by hopping the decimal point the correct number of 
times to the right. Then the number becomes 68719476740. 


You can work out 
wkere tke numter’s 


digits skoulct lie 
hy topping 5 tke 
decimal point* 


time you multiply by lO, 七 he decimal po’m 七 hops a\ov\^ ov\t plate *to make 七 he bigjcv-. 

9 2 a. c i 1 ^ i n ^ This bit -tells you how 

mahy lO^s -fco hop by- 

0 



10 10 


Decimal pom 七 
is ^o>/ hcv-C- 


68719476740 





You r\ttA *to 
z^\ro \y\ hcv-c 


pu*t 3 pladchold'm 
\oy *this hop. 


You should round your answers to 

three significant digits, like 
you did in Chapter 2. 




But numbers like that are really 
annoying to round. There are so many zeros to 
write in at the end; I always lose count. Does it work 
out as 6870000000 or 68700000000?! 
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scientific notation 



Does writing our answers with scientific 
notation really help us keep track of the digits? 





Scientific notation helps you round your answers. 

If you have to round a long number to 3 significant digits (sd) as a 
final answer, then the start is OK, but putting in the right number 
of zeros is a real pain. 

It’s a lot easier in scientific notation, as the tens are spelled out at 
the end of the number. This lets you rewrite 6.871947674 x 10 10 as 
6.87 x 10 10 without hopping the decimal point along. 




S-bvittly sfcakmj, it's 
dij'its 七七 mrtOVC, 
, 七 he dctiw'Sl 
pom*b> bu*b s 
mudli iiav-dcv -for you 
•to 



OY\C 





You cat) jusi siari hcvc, as this is 
iv>c av\s^tr youv daltula-tov ^avc you. 


of *tV>c dedimal a^d 
mu Itifly *thc r>umbcv by 
七 ha 七 mar>y lO f s. 




6.871947674 x 10 10 



dibits 


The less dibits 

一 vou 的 d *bo yt vid o ( 七 hem. 


6-87^ x 10 10 (3 sd) 


>u dor / 七 need fladeholdm^ 

«v-os a-f-tev- a de^ir^dl pomt 



Ov" hov/cvcv* n\3r\y sd is 
appv-opv-iatc -fov youv- a 




Scientiiic notation kelps you to round your answers 
to 3 significant digits witkout making mistakes. 
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ask... you know you want to 


I thought what you’re calling 
‘scientific notation’ is actually called 
‘standard form.’ What gives? 

They’re both the same thing. 
Scientists use the term 'scientific notation’ 
and mathematicians ‘standard form.’ 

Why should I bother with scientific 
notation when I’m really careful about 
how I type numbers into my calculator? 

Your calculator screen might not be 
big enough to display an answer that’s 
either really big or really small. So you 
need to understand scientific notation, or it 
won’t make sense. 

But I have a super duper flashy 
calculator that’ll display lots and lots 
of digits on its humongous screen. So 
if I’m careful, why would I ever need 
scientific notation? 

You could be given a number in 
scientific notation to work with - in an exam 
question or when you look something up to 
find out how big it is. 


tWeiare no o 

Dumb Questi9ns 


How big are we talking about? 

Well, the earth’s mass is 
5.97 x 10 24 kilograms. That’s a very big 
number with a lot of zeros at the end if you 
write it out longhand. 

OK, I can see why I might not be 
happy handling over 20 zeros at the 
end. But why would I ever want to write 
an answer I’ve worked out myself in 
scientific notation? 

If you're rounding your answer 
to 3 significant digits (like you’ll do in 
your exam), then it’s much easier to use 
scientific notation than it is to scrawl a 
whole lot of zeros across your page. 

You can just take the number your 
calculator gives you, for example, 
6.871947674 x 10 10 , and write 6.87 x 1010 
without having to do anything else to it? 


So are you saying that scientific 
notation isn’t just there because my 
calculator’s screen isn’t big enough - it 
helps me as well? 

Yep, scientific notation helps you to 
write and round very long numbers in a 
much shorter form. So it’s not just about 
calculators - it’s about making your life 
easier. 

So which came first - small 
calculator screens or scientific notation 

Scientific notation came first by 
several hundred years! 

Q;, 

have one more question. Are 
numbers in scientific notation always 
written with one digit in front of the 
decimal point? Couldn’t you equally 
write 6.87 x 10 10 as 687 x 10 8 ? 

Conventionally, they're written with 
one digit in front of the decimal point. Your 
brain will soon get used to estimating the 
size of the number from the tens part, so 
sticking to the convention is best. 


Scientific notation kelps you to 
kanctle very long numters tkat 
would otkerwise kave many digits ， 
even wken you’ve round tkem. 


66 


Chapter 3 


scientific notation 


So the weird number in the 
eviction notice is in scientific 
notation. But ifs 6 x 10 - 5 . How 
do you multiply by a negative 
number of tens??? 


Inspection 


^alth, 


lead First U Departmei 

our dorm room is bee 
ind this state of affair 
ietected a single sp 
tself every twenty i - 

If the bugs grow 4han 6 x 10\ 

take over your roort ； 

p,aceto,vewh,e Veed to fin 

Sincerely, 7 


Dorr 


Team 


TKis suve looks like 

r>o*t3tioir\, bu*t 
y/Ka*t docs i*t rwcar\? 
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negative notation 


Scientific wotatiow helps you with small numbers as well 

The number in the Dorm Inspection note is 6 x 10 5 . It’s scientific notation 
alright - but there’s a negative power of 10. This is the conventional way of 
showing you that you should divide by the 10 ’s instead of multiplying. 

Every time you divide by 10, the number’s digits shift along one place to the 
right, so each digit is worth 10 times less than it was before. 

It’s difficult for you to draw that, but practically speaking, you can get to the 
same place if you hop the decimal point the correct number of times to the 

left. So 6 x 10 5 works out as 0.00006. 


-time you divide by 10, -the decimal 
hops alor>5 OY\t flade *to make -the ^umbev- smallcv-. 


Pcdirwal 

is ^ov/ hcv-C- 



This bii tells you how 
nr^ny lO^ -fco hop dloi^ by. 


10 


■5 



0.00006 

You y\ccd h> 

2jCV-OS -fov -these hops. 


The rwmus sijh 
^ca^s 七 hat you 
divide by -the lO’s. 


x 10 ^ a^d 


Another way of showing this 

. . 6 

is as a fraction, by writing ^5 . 

This makes it more obvious that 
you’re dividing by all the 10 ’s, as 
they appear on the bottom of a 
fraction. 




both 


6 


10 ® 



m no 

v-c div/idmg 
by lO -five times. 

I-P \0\ avc or\ 
bo*t*tom o-P the -Pv*ad*tio^, 
youVc obviously div'idm^ by 
■them, so you dor / 七 r\ttA *to 


Tke key tiling witk scientiiic notation is to rewrite 
tke numter witk ORE Ji git teiore tke ctecimal point, 
tken multiply or ctivicte ty tke correct numter oi lO’s. 
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scientific notation 


But thafs dumb. Why write 10 -5 when you can 
use a fraction that makes it obvious whafs going 
on? And why use a minus sign anyway? 


The minus sign is part of a pattern 

The convention of using a minus (or negative) sign in the index 
to say you’re dividing by that number of 10’s comes from a 
pattern that you’re about to discover for yourself... 



In this exercise, spot the pattern behind the convention of using a negative index 
(6 X 5 ) t0 re P resent dividing by a series of 10’s. 


Divide by 10. 
Divide by 10. 
Divide by 10. 
Divide by 10. 
Divide by 10. 
Divide by 10. 

Divide by 10. 
Divide by 10. 


Original number 

In scientific notation 

Number of 10’s 
you’re multiplying 
or dividing by. 

10000 

10 4 

4 (multiplying) 

1000 



100 



10 



1 



0.1 



0.01 

lO -2 ^~ - ~ - 


0.001 



0.0001 





This is a 
negative 

like m *thc Po\rm 
^o*bc. 


Write down any patterns you spot. 


Is there anything in your table that looks a bit unusual? 
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exercise solution 


BteRctSe 

SoLytiOH 


In this exercise, you’re going to spot patterns that’ll help you write very small 
numbers in scientific notation even more efficiently than we’ve done over there. 


Divide by 10 . 
Divide by 10 . 
Divide by 10 . 
Divide by 10 . 
Divide by 10 . 
Divide by 10 . 

Divide by 10 . 
Divide by 10 . 


Original number 

In scientific notation 

Number of 10’s 
you’re multiplying 
or dividing by. 

10000 

10 4 

4 (multiplying) 

1000 

\O l 


100 

lo z 

Z (multiplymj) 

10 

10' 

1 (multiply mj) 

1 

\0° 

0 

0.1 

lo- 1 

1 (dividmj) 

0.01 

10- 2 

2 (dividing) 

0.001 

lo~ l 

1> (dividmj) 

0.0001 

10- 午 

午 (dividmj) 



m 


S 6 


UNUSUAL ： 
y^umbev- bo 七 he 
poy/cv- of 0 is 
I. TVis is a math 
tor\Vcr\*tior\> bu*b 
七 table should 
V^clf you see >wivy 
iVs sensible- 




So 10 -4 is a more 
compact way of 

writing^ .right? 


The PATTERN is -that cvev-y -time 
you divide by IO "to make the ^u^bev- 
srwallcv, the \Y\dt% o( the sdic^ti-Pid 
vcvsioh decreases by I. 


Right. And it helps you estimate 
the size of the number too. 

If the number in scientific notation is 
greater than 1, then it’ll be multiplied by 
10 ’s, and if it’s less than 1, it’ll be divided 
by 10 ， s. 

So you can instantly see whether a number 
is larger or smaller than 1 by looking at the 
sign of the index. And you can see how 
large or small it is by looking at the size of 
the index, that is, the number of 10’s that are 
doing the multiplying or dividing. 


You can estimate tke 
size oi a numter 
written in scientilic 
notation hy looking 
at tke sign and size 
ol tke index. 
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scientific notation 


So now we know that the number 
in the note is written in scientific 
notation. 6 x 10 - 5 is the same as 
0.00006. That^ a relief. 



Kyle: But 6 x 10 5 what?? It can’t be 6 x 10 J bugs - the index is 
negative so that’s much less than the 1 bug we started with! 

Matt: There’s that funny m 3 thing after the number though. It kinda 
looks like it might be meters - but what’s the little 3 for? Typo for MP3? 

Kyle: I don’t see where music comes into it. Hey, maybe that’s scientific 
notation as well. Gould m 3 be meters x meters x meters? 

Matt: But when would you ever want to multiply units together? 

Kyle: Hmm, good point. But the meters x meters x meters thing 
reminds me of doing stuff with length x width x height years ago. 
That’s three lengths multiplied by each other. 

Matt: And that would make a volume! Cubic meters! 

Kyle: Like how area’s measured in square meters? m 2 ? 

Matt: Yeah. So the note’s saying that if the bugs grow to occupy more 
than that volume, we wind up in trouble. But how do we find out the 
volume that all the bugs take up? We know how many of them there 
are after 12 hours, but that doesn’t say how big they are all together. 




Kyle: I wonder if there’s 
anywhere we can look up the 
volume of one bug? Then we can 
multiply that by the number of 
bugs to get the total volume. 

Matt: Sweet! 


You can write units 
in scientific notation, 

/ o\ £<\uavc mc*tcvs 

e.gf. area 

or volume (m 3 )* Cuba 


Lrst U Department of Dorm Inspection 

Your dOT^^^ecoming hazardous to 
and this be der f 

detected a single^J^ ' of 
itself every twenty mini 

If the bugs grow to occupy 
take over your room, and y 
place to live while we fumi! 


Sincerely, 

Dorm Inspection Team 


6 x 10" 5 m 3 

d to fmd a 




is m % m % rw 

i.C., % y/id*tK % so 

VCpV"CSCV>*ts d \/0LUAlE- 
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volume in three dimensions 


You'll oftew need to work with area or volume 

The guys have decided that if they can find out the volume of one bug, 
they can multiply that by the total number of bugs to get the total volume. 


Area is the amount of space something 
occupies in two dimensions. In SI 

units, it’s measured in m 2 (if you say it 
out loud, this is “meters squared” or 
“square meters”). 



Volume is the amount of space 
something occupies in three 
dimensions. In SI units, it’s measured 

Q # # # 

in m (if you say it out loud, this is 
u meters cubed’’ or U cubic meters’’). 




I always thought you use acres for 
area and gallons or liters for volume. Why 
should I use m 2 and m 3 instead? 


Area and volume units based on length 
help you visualize how big things are. 

There are lots of other units that people can use 
for areas and volumes. But in your physics course, it 
makes the most sense to use units based on length. 

For a start, this makes it easier to visualize how big 
an area or volume is. If you can imagine a meter, then 
you can also imagine a square meter or cubic meter. 
And if you know a football field is approximately 
90 m long and 50 m wide, then you have a good idea 

of what 90 x 50 = 4500 m 2 looks like! 

Also, in physics you’ll sometimes need to work out the 
area or volume of something when you know how 
long it is in different directions. It’s far easier to use 
volume units based on the lengths you already know 
than it is to introduce even more conversion factors. 
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scientific notation 


Look up facts iw a book (or table of information) 


If you’re taking a test, you’re not completely on your own. In both the 
multiple choice and the free response sections of the AP Physics B exam, 
you’ll get a table of information. 

The stuff in the table is there to prevent you from having to memorize 
lots of values (like the mass of an electron) that are vital for certain parts 
of a question, but don’t help you understand the physics. 

The table of information doesn’t have anything in it about bugs, but 
Matt and Kyle find something that does. The Big Book of Bugs says 
that the particular strain of bug the Inspector found in their room is 
about 1 jam long by 1 jam wide by 1 jam high. 

The only problem is, what on earth is a jam? 




You II have a tabic of iJov^ 七 ioh ih 
you\r exarw. Thc\rc s ohC a bit like it 
ih AffChdix but i^s best -Pov- you 
"to 0o -to -the AP Cchtv-al wcbsi-tc bo 
dov/hload wi-th -the ohc 

you II actually have, so it s 


T«(B BvHpcig 



Tatles oi inloritiation and reierences 
leave your train free to uncterstaiut 
pkysics instead oi memorizing lots oi 
values tkat you can easily look up. 
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number prefixes make things clearer 


Prefixes help with numbers 
outside your comfort zone 

Back in Chapter 2, you learned that you can put 
prefixes in front of units to show how big or 
small the units are. A kilometer is 1000 meters 

(10 3 meters), a millimeter is 0.001 of a meter 

Q 

(10 meters), and so forth. 

There are several other SI unit prefixes. The ja 
prefix in the bug book is the Greek letter c mu，’ 

and is short for ‘micro.’ One [im is one millionth 

/? 

of a meter (10 meters). 

That’s not exactly the size of number you’re used 
to working with from day to day! Your brain 
is happier with numbers closer to 1, so it feels 
better to say that the bug is 1 [im long instead of 

0.000001 m long (or 10 6 m long). 

You usually get a new prefix when something 

becomes 1000 times bigger, at 10 3 , 10 6 , 10 9 , etc. 

The exception is ‘centi，’ which means 10 2 and is 
commonly used in the context of centimeters. 


广 


r> 


These avc the S| p\rc-Pi>^cs you’ll dome across 
r»\os*t (Thcv-c move o-f 'them, but 

}r\o v/ha-t dll 

av-c i-P you’ll ir^cvcv- use 七 hem). 



Power of 10 

SI Prefix 

Symbol 

10 12 

tera 

T 

10 9 

giga 

G 

10 6 

mega 

M 

10 3 

kilo 

k 

IO— 2 

centi 

c 

10 -3 

milli 

m 

10-6 

micro 

M <： — 

10-9 

nano 

n 

10- 12 

pico 

P 


The little 
tail is vcv-y 
i 你 po\rta 此 
ds -this is ja , 
no 七 



You usually jrt a 的 ev/ pv-c-Pix. cvcv-y I O' 


tWei£ire no ^ 

Dumb Questi9ns 


So why bother with scientific 
notation at all when you can just 
incorporate all the 10’s into the prefix, 
and say pm instead of 1 x 10 _6 m? 

There are equations you'll come 
across later on that only work when you’re 
measuring distance in meters, mass in 
kilograms, and so on. So you end up 
converting everything into meters (usually 
using scientific notation) anyway. 

Scientific notation also makes calculations 
easier - as you'll see in a moment... 


So why bother with |jm and all 
those prefixes then? 

Mainly ease of use. In everyday life, 
it’s far easier to talk about “1 millimeter” 
or "10 kilometers" than it is to talk about 
"1 x 10 」 meters” or “1 x io 4 meters.” 

But why is that easier? 

People usually have a better feel for 
numbers that are similar to the numbers 
of objects they can count. 


Q/ So that’s why you get things 
like 'nanotechnology 5 - it’s easier to 
talk about numbers that are close to 
everyday counting numbers than it is 
to say ‘thousand-millionth technology’! 

Yes. When speaking out loud, a 
physicist will prefer to say that something 
is 100 nm long rather than 0.0000001 m 
or 1 x 10— 7 m. Once you get used to how 
big a nanometer is, your brain is happy to 
use it as a starting point. 
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scientific notation 



O 


0 


Kyle: Yeah, a millionth of a meter. That sure is tiny -1 can’t even 
picture it in my head! 

Matt: So if one bug is so small, maybe we can get away with cleaning 
even later! There’s a game on tomorrow - If we figure out how many 
bugs there will be after 16 hours, we could maybe catch that before 
cleaning. 

Kyle: 16 hours is 16 x 3 = 48 groups of 20 minutes, so they double 
in number 48 times. My calculator says that 2 48 = 2.81 x 10 14 (to 3 
significant digits). So there’d be 2.81 x 10 14 bugs. 

Matt: And after 12 hours, there were 6.87 x 10 10 bugs. So what we 
really want to do is work out what volume these bugs take up and 
compare it with the volume in the Dorm Inspector’s note. 

Kyle: That’s pretty simple. One bug = 1 pm , right? So 6.87 x 10 
bugs is 6.87 x 10 10 pm 3 , and 2.81 x 10 14 bugs is 2.81 x 10 14 jam 3 . 

Matt: Uhhh, not so fast. The volume in the note is measured in m 3 , 



Q Q 

not jjm . So we have to convert the units of our answers to m to be 
able to compare them. 

Kyle: Ah, good point. It looks like we’re 
gonna have to do some calculations 
using numbers in scientific notation, 
keeping in mind that 1 m is the same as 

lx 10>m. I’ve no idea how to do that. 

Matt: Me neither. 





How might scientific notation 
help you to multiply a very 
large number and a very small 
number together? 



/Vumbcv" o( bujs x volume o-P I bu^wusc 

be less "than volume m 

: he Dov-m I 灼 spedtov’s 
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calculations with scientific notation 






hdiurw d'toms m 
"the bdllooKt- 



Or\t helium 没 tom 

has a mass 
b.^Y, I0- Z1 k a . 


Scientific wotatiow helps you to do 
calculations with large and small numbers 

Writing down numbers in scientific notation really helps you do 
calculations that involve big numbers, small numbers, or both. 

Suppose someone asks you to work out the mass of all the atoms in 
a balloon. They tell you that there are 6 x 10 22 atoms in the balloon, 

c\ n 

and each atom has a mass of 6.65 x 10 kg. 

If you don’t use scientific notation, you end up with a horrendous 
bout of calculator-bashing: 

The mass of all the atoms is the number of atoms times the mass of one atom : 

Mass of all atoms = 60000000000000000000000 x 0.00000000000000000000000000665 kg^ ^ 

This "is a Kovv'iblc- 
look'm^ daldulatioy>| 




I guess we should keep the numbers in scientific 
notation to make the calculation easier - right? 


3 



今十 ( 一 3) is the 

在為你亡 as $ 一 


Powers of 10 make calculations easier. 

If you’re multiplying together two numbers written in 
power notation, you can add the indices. 


f[Ad *tKc mdidcs ： 弓 + 3 二必 

■ Y 

10 5 X 10 3 = 10 8 

Here you’re multiplying by five lots of 
10 , and then multiplying by another 
three lots of 10. So you’re multiplying 

by eight lots of 10 in total, or 10 8 . 

Add the mdidcs ： ^ + (-?) — 2- 



is *thc same 3s lO^ 


10 8 


If there’s a division sign in your calculation, 
it’s easiest to rewrite it as a multiplication. 

You can rewrite this as 10 5 x 10 3 = 10 8 . 


<7 



10 5 X 10 3 = 10 2 


Here you’re multiplying by five lots of 
10 , and dividing by three lots of 10. 
This is the same as multiplying by two 

# c\ 

lots of 10 in total, or 10 . 



10 3 


is same as lO 一 ' 

= 10 2 


You can rewrite this as 10 5 x 10 3 = 10 2 . 
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scientific notation 



P_1 Puzz]e - Powers 10 


Here’s the chance to practice working with 
powers of 10 with some calculations. Your 
job is to take numbers from the pool 
and place them into the boxes in these 
statements. You may not use the same 
number more than once, and you won’t 
need to use all the numbers. 



】 0 4 X 10- 16 


The vast majority of people have 


nose. 


is same 3s lO 2- ^. 





Rcv/v*i*tc *this as a mu 
(v-a*thcv i\\aY\ a division) bc-Pov-c 
you >wovk ou*t a^sy/cv-. 



One divided by a million 


7o^ ,s 




夕 .. 




lo 








is same 3s 10 一 2 ■ 午 . 




10000 is the same as 


The two biggest numbers in the 
pool are 


and 


A millionaire is likely to have at least $ 


dollars in the bank. 


厂 here are 


meters in a kilometer. 
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pool puzzle solutions 



Paa] Puzzjc - P ◎鱗仿 10 - ^OLXJTlOjJ 


Here’s the chance to practice working with 
powers of 10 with some calculations. Your 
job is to take numbers from the pool 
and place them into the boxes in these 
statements. You may not use the same 
number more than once, and you won’t 
need to use all the numbers. 


10 


_ z ^ is same as lO z ^. 


T0 4 x 10~~ 16 = 


The vast majority of people have 


10 ° 


nose. 




10- 口 . 

10 一 24 


10 


12 


10 — 12 


This is 七 he same as \0 A% x \0^. 


One divided by a million 


10 — 


6 


a … 一必 . •• 


act...:.. 


^TK*.s *.s ihc same as lO~ ,z x 10 - 奸 . 






10 










The two biggest numbers in the 


pool are 


10 23 ;and 


10000 is the same as 


10 4 


10 19 


A millionaire is likely to have at least $ 


Tiiis is {\\t same as 
\q^ X \O l X 10 一〜 Io 7 . 


10 6 


dollars in the bank. 

There are 


10 3 


meters in a kilometer. 



A 0 一 


wcH' 0 , 


◦OOOi 


is the 


sameas iio^s ： 
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scientific notation 


But numbers written in scientific 
notation have the bit at the start as 
well as the power of 10 at the end! 


Rev/v’i 七 e 七 “e 

ovdcv- o( 
fav-*ts'm 
mu 

so 七七七 he 

po>MCV*S of 

10 avc all 
*to^c*thcv*. 


Once you can handle powers of 10, you can 
do calculations using scientific notation. 

A number written in scientific notation has two parts. The 
first part has one digit before the decimal point, and the 
second part is a power of 10. 


If you’re multiplying together two numbers written in 
scientific notation, it’s easiest to deal with the decimal point 
parts and powers of 10 parts separately before putting them 
back together. 

• Q C\ 

So if you’re doing 2 x 10 x 4 x 10 ， you can change the 
order of the things you’re multiplying together: 

2 x 4 x IQ 3 x IQ 2 = 8 x 10 5 , which is the correct answer! 






Spend some time going through the balloon multiplication step by 
step before going back to the bug problem. 



а. There are 6 x io 22 helium atoms in the balloon. 1 helium atom has a mass of 

б. 65 x 10 — 27 kg. Write down the multiplication you’d do to find the mass of all the 
atoms in the balloon. 


% 


Thcv-c a\rc ^%lO ZZ 


helium d'toms 






七 he balloon. 


b. You are allowed to multiply numbers together in any order. Change the order of 
the things you’re multiplying together so that the powers of 10 are next to each other. 


c. Multiply together the two 'decimal point’ parts. Then multiply together the two 
‘powers of 10’ parts. This should give you an answer with one decimal point part and 
one power of 10 part. 





0r\t helium a*torw 

has a mass o( 

% lO~^ k^. 


d. Rewrite your answer from part c. so that the decimal point part has one digit in 
front of the decimal point. (You’ll need to adjust the power of 10 part.) 
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exercise solution 


SoLytiOH 


Spend some time going through the balloon multiplication step by 
step before going back to the bug problem. 


a. There are 6 x io 22 helium atoms in the balloon. 1 helium atom has a mass of 


6.65 x 10 - 27 kg. Write down the multiplication you’d do to find the mass of all the 
atoms in the balloon. 


Mass d all a*toms 二 i x |o zz x x I0 _z7 k3 


b. You are allowed to multiply numbers together in any order. Change the order of 
the things you’re multiplying together so that the powers of 10 are next to each other. 

Mass all a*bo^s =i i x x lo zz x \o~ zl kg 


c. Multiply together the two ‘decimal point’ parts. Then multiply together the two 
‘powers of 10' parts. This should give you an answer with one decimal point part and 
one power of 10 part. 


Mass all aWs =■ V\.°{ x \o~^ kg 



Thcv-c a\rc ^%lO zz 

hdium d'toms m 
七 he balloon. 


Ov\t helium 

has a mass o( 

% IO~ Z ^ k^. 


d. Rewrite your answer from part c. so that the decimal point part has one digit in 
front of the decimal point. (You’ll need to adjust the power of 10 part.) 


Mass all a-toms =- x 



Chapter 3 


10-^5 


Can you run that last part by me 
again? How do I work out what to do 
with the 10*s part of the answer once Ive put 
one digit in front of the decimal point? 



Your answer needs to stay the same size. 


If you wind up with the answer 39.9 x 10 5 , you need 
to rewrite it in scientific notation as a number that has a 


part with one digit in front of the decimal point 

and a power of 10 part. 


You need to divide the 39.9 part of the number by 10 to 
get 3.99. But the number must remain the same size- so 
you need to multiply the second part by 10. 


39.9 x 10— 1 x 10— 5 x 10 1 = 3.99 x 10— 4 

Vo^c,d{oLdc -the 、 S 。 ，切 l Y 如 

，舡你喲 *， sedoU by IO io kcef 

f Y ? 。'柯 1 七 … V ou^ iL same 

-r\ro^t or the aedimal pomt 
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scientific notation 



Dumb Questi 9 ns 

My calculator has a button that 
lets me input numbers in scientific 
notation. Why can’t I just use that? 

Sometimes you don’t get to use 
a calculator, like in the multiple choice 
part of the AP exam! 

Plus doing the calculation like this 
helps you to see the size of answer 
you're expecting, and you’re more likely 
to spot silly mistakes when you ask 
yourself if your answer SUCKs. 

But when will I ever see 
numbers like this in my exam? 

There are lots of very big or very 
small numbers in physics - the size of 
an electron, the mass of the earth, etc. 


II you’re doing a 
calculation witk 
numbers written in 


scientilic notation ， 


you skoulct separate 
out tke powers ol 10 
to add tke indices 


teiore recoititiningf 


them witk tke rest ol 
tke nuititers. 


The guys have it all worked out ^ UeyKope 

Matt and Kyle have had a go at working out the volume of the 丄 。/ ^ 0 … 
bugs using scientific notation. But have they done it correctly? 



Matt and Kyle have had a go at working out the volume of 

bugs in m 3 that there’ll be after 12 and 16 hours. Your job 
is to see if you agree with their calculations, and decide 
whether their final answer SUCKs (Size, Units, Calculations, 
Xontext). 

Look at the Size of their answer - if it feels wrong, then look 
to see if there’s a mistake with the Units or Calculations. 

There arc lO 6 jaitw I 

Well use "this as version -factor -for volume* 


A-ftcv IZ hours ： 

Volume bu^s =• % lO 10 

二 % lO 10 % 
- 4.07 ^ 10^ ^ 


hours ： 

Volume of bu^s Z 8I % lo 1 午 

二 Z. 0 I x lO^pr^ % 








Z.0U \o^ % io u 


Z. 0 I % I 0 e 


n\ 

=5 
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sharpen solution 



Matt and Kyle have had a go at working out the volume of 

bugs in m 3 that there’ll be after 12 and 16 hours. Your job 
is to see if you agree with their calculations, and decide 
whether their final answer SUCKs (Size, Units, Calculations, 
Xontext). 


Look at the Size of their answer - if it feels wrong, then look 
to see if there’s a mistake with the Units or Calculations. 

The VC IO h jAtnn m I tm. 

Well use *this as dohvcrsioh fscior -for volume. 


IZ hours ： 
Volume of bugs : 


% 


lO 10 


jAirtn' 


These a^swev-s av-c 
*bo*tally the Sl'Z-Bf 

Z.0I % I O e is "the 

same volume as 2.000 

3’ia 灼七 -Poo-tball stadiums/ 


% 





lO 6 jAjp/ 


二 k.ei % lo 10 % lo^ ^ 



% 


lo 午 


l^> hours ： 

Volume bu^s =■ Z0I x. lO 1 午 firin' 


This is 七 he pvoble，’ Thcv-c a\rc \O b jAn\ \v\ I n\, 
but 七 ha 仏 LENGTH, Y\oi VOLUMB. You 乙 a / 七 
use i*t as a toi^vcvsio^ -Pa^-bov- (or volume- 

Volume is % X. drtdl hds u^i*ts 

of tr ? } ⑽七 m. Co^vcvtmg between By\A ^ is 
di-P-Pcv-c^-t -fv-om ^oir\vc\rt*mg between jaw\ a^d m- 



=■ Z 8 I % 


I0 1 午 〆 


% 






Z. 0 U I 0 ^%l 0 a ^ 
1.91 % IO e ^ 
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scientific notation 


200,000,000 meters cubed bugs after only 
16 hours is totally the wrong size of answer! 

The size of Matt and Kyle’s answer is waaay off - if you spotted that, well 
done! It just doesn’t make sense to say that the bugs will occupy a volume 
of two hundred million cubic meters after only 16 hours - especially if 
you can visualize the size of just one cubic meter! 



But they were correct to 

/? 

say that there are 10 jjm 
in 1 m. So what was their 
mistake with the units? 


Car> you b^o \iu^dv-cd 

million tubid mc*tcvs o*f buy? 
Tiimk o-f an sea 



There are 10 6 |jm in a m - that part is correct. 

So why has there been such a problem converting 
the units from |jm 3 to m 3 ? 
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take caution with conversions 


Pe careful converting uwits of area or volume 

/? /? Q Q 

Although there are 1 x 10 jam in a m, there aren’t 1 x 10 \xm° in a m . 

This is difficult to see because the numbers are so big - and it’s what the guys 
missed. They’ve ended up saying that the bugs will occupy a volume of two 
hundred million cubic meters after only 16 hours, which must be nonsense! 

A pm is so small; it’s easier to visualize how this happened using mm and cm 
to measure area and volume. 



Or in scientific notation: 10 1 x 10 1 x 10 1 = 10 3 mm 3 in 1 cm 3 . 
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scientific notation 



— ^^rpen your pencil 

XU« I_ _ _ 


The bugs occupy 6.87 x 10 10 网 3 after 12 h and 2.81 x 10 14 |jm 3 after 16 h. How many m 3 is that, 
and how does this compare with the 6 x 10— 5 m 3 mentioned in the note? (There are 10 6 pm in 1 m.) 
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sharpen solution 


(^Sharpen your pencil 
^fcT 7 Solution 



\O k jAinr\ 

IZ hours ： 
Volume of bu^s 


The bugs occupy 6.87 x 10 10 |jm 3 after 12 h and 2.81 x 10 14 |jm 3 after 16 h. How many m 3 is that, 
and how does this compare with the 6 x 10— 5 m 3 mentioned in the note? (There are 10 6 |jm in 1 m.) 

The VC \0^ fA\rr\ \y\ I Volume is *thv-cc—dii^Chsior\al. 

So av-e \O b % lO 6 % lO 6 =■ IO lg m I 


% 


% 


lo 10 ^ 

I0 I0 J^X 


lo ,e j^ 
二 i.07 % lO 10 % I0- Ie ^ 


% 


lo- 


e 


This is less x 1 0~^ 


A-f*tcr l^> hours ： 

Volume o^c bu^s =■ Z 0I % lO 1 午 pm; ^ 

二 2_.0U |0 , s 〆 

二 Z.0I %10 1 W10- 19 ^ 

二 1.91 % IO - 午： 

This is more % IO~^ vt^. 


So the bugs wow't take over 
... unless the guys sleep in! 

You just worked out that if the guys 
remember to set their alarms for 12 hours 
from now, the bugs won’t reach the tipping 
point and get the guys evicted. 

But if the guys try waiting 16 hours 
to catch the football game, the 
Dorm Inspector will turf them out. 

Unfortunately... 
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Question Clinic: The "Cowvcrtmg units of area or volume" Question 




In the course of doing another question, you'll often 
find yourself having to convert units of area or volume. As soon as you 
see areas or volumes mentioned, think of the bugs occupying 2000 football 
stadiums - you dorVt want to majorly mess up like that! Keep your cool, and think 
about what area and volume actually are to convert the units. 


These av-c all LENGTH'S, 
thcyVc all m mm. 



teire’s yet way 

七 1 ^七 ^ccds -fco be 
cmvcirtcd mio a volume- 


4. A treasure^iest is 800jrirn long, 
wide, and 50£mm high. ^ 

a. What is its volume in m 3 ? ^ 

b. How many gold blocks measuring 
, 10 cm by 5 cm could fit in the chest. 

: ss^Te thatyou 5 re allowed to meltd^ 

gold so that it will fitexactb(.) ‘ 


youVc asked 

ior a VOLUME 

|r> m' r\o{, mrw' 


Its pv-obably bcs*t *fco 
v/o\rk *th\rou^h 七 he 
v/holc ^ucs-tio^ \y\ vr?, 
as this is *thc u 灼 rt 

youVc asked *bo jive 
you\r a^sy/cv-s *m. 



With volume c^ucs-bio^s, you sometimes have *to *bh'mk o-f how 你叫 blocks you 
dould s*tadk m div-c^tio^ bc-fov-c you v-cadh *bhc side <^f *bhc 
This bi*t lets you know that you do^*t r\tt& *to allow -fov that 


Its o^itY\ easiest -to 
donvcvb *b^c lenybhs 
•to m -f ivs-b and wovk 
ou*b *biic volume m m . 
(TIioia^ you tould also 
y/ovk OU 七 3 V*C 3 

dy\d toy\Vcrt *bV^ 七 *to 
州； a 七七 he cr\d ) 


When you have to convert units of area 
or volume, draw a little sketch to make sure the 
powers of 10 work out OK in your conversion factor. 


0 


o 


z 


1000 mm 


1000 rn, 


二 1000 rv\rv\ % 1000 mm 

- \o l mm % \o l 



lo h 


rv\rv\ 




























normal number v. scientific notation 


Fireside Chats 



Tonight’s talk ： A normal number and one written in 
scientific notation go head-to-head. Who will be the last one 
standing when the revolution comes. 


Normal number: Scientific notation number: 

Well, well, Mr. Obscurity. Lovely to meet you at last! 

Less of that! I know most people go 16+ years 
before they meet me, but I’m well worth the wait! 

You hide for decades while I do all the counting, 
shopping, algebra, and so on. Then, suddenly you 
show up and expect to take center stage. It’s just 
plain rude! 

You can still do all the stuff you’ve always done 
— I’m not trying to steal your thunder. But the fact is 
that I am naturally better at some things. 

Yeah? Show me one thing you can do that I can’t! 

OK, what about writing out Bill Gates’ fortune 
nicely? 5 x 10 10 dollars. 

No way! “50 billion dollars” gives you a much better 
idea of size than these silly little numbers by the ten. 

Well, my way is really obviously “5” with ten zeros 
after it — what’s so difficult about that? 

It’s not what people are used to! They’ve been doing 
it my way all their lives, and you’ve totally failed to 
show that your way is better. 

Well then, Mister “They’re used to me,” how would 
you talk about the mass of a proton? 

Um, let me look up my table of information. That’d 
be 0.00000000000000000000000000167 kilograms. 

When have people ever seen silly numbers like that? 
They’re not used to them at all! They’re better off 

writing it my way — 1.67 x 10 kilograms. 

But they can still count up my zeros to get the size. 

Well, yeah, but who’s going to bother with that? 

Um, OK. I guess you are the master of showing big 
or small numbers. So ... do you plan to take over 
completely? 
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Normal number Scientific notation number: 

Not completely. People still prefer doing things your 
way if they can! They’ve even invented a whole 
load of units so they don’t have to go around saying 
“blah times ten to the power of whatever” all the 
time. Like nanometers, kilograms, and such. 

I told you they like me more! 

Actually, all I’ve said is that people like numbers they 
feel comfortable with. But when it comes to doing 
calculations with the numbers, that’s when I shine. 

Yeah, right. Every calculator manufacturer has a 
different way to input you, especially your 10 to the 
power of negative thingamajiggers. 

Ah, but the humans don’t have to do that if they’re 
multiplying or dividing numbers like me. They only 
type the first bit into their calculators, the 1.67 or 
whatever. Then they do the tens part separately, on 
paper (which is just simple adding). 

Sorry? You can multiply by adding? Sounds a bit 
suspicious to a purist like me. 

Yes, if you’re multiplying lots of tens parts together, 
all you need to do is add the indices. 10 2 x 10 3 = 

10 5 can be broken down into “10 2 = 10 x 10” and 
“10 3 = 10 x 10 x 10.” Together, they make “10 x 10 
x 10 x 10 x 10.” Five lots of 10 is 10 5 . 

So you’re saying that the first bit of you is easy to 
deal with (but only because people have practiced 
with me), and the second bit is easy because they’re 
used to adding sums (again, because of me)? 


I suppose you could put it like that. Maybe we need 
each other more than we realized in the beginning. 
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five minute mystery 


The giant who came for breakfast 


Once upon a time, long long ago, a refugee from the land of the giants 
came to the king’s palace. He was hungry. Now ，when I say hungry, I 
don’t just mean the kind of hunger you feel in between meals. The 
giant was twice as tall as a normal person...and starving. 


Five JVtlnute 
Mystery 



The king sighed with relief when he realized that the giant wasn’t about 
to gobble him up, but instead was far more interested in a hearty 
meal of sausage, bacon, and eggs. 

“But if it’s paltry food you bring, I’ll eat the servants, then the 
king!” he concluded. 

The smile froze on the king’s lips, becoming the kind of grimace 
you might muster when face-to-face with a hungry giant who’d just 
threatened to turn you into a tasty snack. 


The king gathered his advisers around him to ask them for advice 
(which advisers generally provide). 


“Your highness,” they began. “Since the giant is twice a tall as a normal 
person and perfectly in proportion, we should serve him twice as much 
breakfast...maybe with a couple of extra pieces of toast just in case.” 

Should the king listen，and agree to feed the giant tvoice 
as much as a normal person because he，s twice as tall? 
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scientific notation 




Scientific A method of representing long numbers using powers of 10. 
notation 



Area 


Two-dimensional space. 



Volume Three-dimensional space. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 3 under your belt, 
and you’ve added some terminology and 
answer-checking skills to your toolbox. 


Mult»\>ly^3 \>oy/cvs Jc 

\0 by o{}\Cr 

Multiply foy/cvs 

|0 by add*m^ *t^c mdides. 

Pov- 10 弓 x 10-1 二 10; 

bcdduse ^ + (一 2>) 二 3 


Pov^cif ho-ta-tioh 

Pov/e\r ho-b-tioh is a way Jc showihg 
youVc r»>ultip|yi h9 oy. dividih 9 by 
the same humbev oMtY 3hd ovcv agaih. 

^ example, i-p you have /0^ ; \i 

youVe _ltiplym 3 by /O Six h^cs 

‘d i*P youVc dividihg by the sa^c 
humlw scv 饮 al times, you ca^ show 

七 his usihA^caativ C ihdex, c .g. ; \0~\ 


^CBv\s 
ovc\r. 


七 ion 

Sdl ⑶七 if I 乙 Y\o{^{aOY\ is d V/dy 

v-cally \oy\(^ ^umbev-s us*m^ *t>wo 

\>arb m\A 

T\\t -f'lVS-t pav*t is y/\ri-t*tcir» as a 
^umbev* ov\t di^i*t ^(Voirrb of 

-tlic decimal 

T\\t second is a pov/cv 10- 
f*oV C^3rwplc, ^ ^ 10 ; 二 ^000 


PividihJ ^oy/evs 10 

by Coi^li otlicv 

|-f youVc dividm^ by d poy/cr of 10, 
i*t’s easiest 七。 v-ewv-i-tc -this as a power 
c^f 10 youVc mul-tiplym^ by, add 

{he mdides as brfore. 


For 叶 le: 

\cL - 

io z _ 


10" X 10^ =1 10^ 


Calculations usinj 
sdicnti-f *^ no^tion 

|-f you V^avc -to multiply *toy*t^CV* 
seveval ^umbev-s y/vittc” m 
sdic^*bi-fi^ its easiest 

bo brtai He foy/evs \0 
scfavatcly behove {}\t 

mJotY ba^k bo^ti\\tr. 


Cohvcirtihj Uhi-ts of 

3^rca ahd volume 

A ， a，e based o, lengths - you , ah 

^ o, a looks like 
see youv a.swev SChSc . 

5hy uhiis dohvcv^sioh c ^ 

VO，U ： L C wiih a ，ake su，e you 

USC thc ^OhVCV^sioh “W. 

This will o^te, involve … ultifly — 饮 
d，v，d,h 9 P owc,rs <^P 10 by 0 £h 饮 . 
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The giant who came for breakfast 

Should the king listen，and feed the giant twice as much 
because he，s twice as tall as a normal person? 

The king needs to make sure that the giant’s stomach 
ends up full of food, so there’s no room left in there 
for him or his advisors! 

If the giant’s twice as tall as a normal man and in 
proportion, then he’s also twice as wide from side to 
side, and twice as deep from front to back. 

So the giant’s stomach is twice as high, twice as wide and twice as deep 
as a normal man’s and is2x2><2 = 8 times larger -so the king should 
order eight breakfasts for the giant to be on the safe side. 
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4 eepcitfons and graphs 

參 Learning the lingo 



Right hand red, left foot 
blue, left hand green...uh huh... 
Yeah, I guess you had be there to 
see how great a game it was...uh 
huh... yeah...Could you just send 
me the pictures? . 


Communication is vital. You’re already off to a good start 
in your journey to truly think like a physicist, but now you need to 
communicate your thoughts. In this chapter, you’re going to take your 
first steps in two universal languages - graphs and equations - pictures 
you can use to speak a thousand words about experiments you do and 
the physics concepts you’re learning. Seeing is believing. 


this is a new chapter 
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mmmm....pizza 


The new version of the freak Neck Pizza 
website is nearly ready to go live... 

Break Neck Pizza already revolutionized pizza delivery through its patented 
“just in time” cooking process and its large fleet of delivery bicycles. 

But now it’s even better! The award-winning Break Neck website has just 
been upgraded to give each customer a delivery time for their order. 
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equations and graphs 


Ive never been to that side 
of town before...Ive no idea 
how long it’ll take! 



... but you need to work out how to 
give the customer their delivery time 

You’ve been called in to figure out what time the website should 
quote each customer. The web programmers are happy to 
implement your solution, and you also have Alex, the top Break 
Neck delivery guy, on hand to help. He knows how long it takes 
him to get to some houses, but you’ll need another way to work 
out the delivery time to new, unknown neighborhoods. 


O 


0 


r 


^^rpen your pencil 





Write down everything you can think of that might affect the delivery time the website 
should give to a customer. 


ttov/ -fas*t dyde 
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sharpen solution 




pen your pencil 
Solution 


Write down everything you can think of that might affect the delivery time the website 
should give to a customer. 

, . Tiicsc bo*tK *to do 七 ime i*t 

.Ale% *to ^cadK tKc ^ouse- 

Dis-ta^dC -fvom Break Ncdk *to *t^C dus-tomcv 


Caw all fizzes be Cooked a*t or\Ct^. 
Deep o\r |*tdlid^ base? 



Both o( these 

aAPe&t 七 he *tinr»c 

How lo^a i*t *takcs *thc wcbsi*tc bo PV-o^css -the o\rdc\r ■ 七 

.. 1 . 1^ . pizza to Cock. 

I/Vhc*tiic\r the dus*tomc\r cn*tc\rs *thci\r address do\r\rcd*tly 

|^s -f mc i*P you had sow\C o*t^cv* . 

ar\sy/cvs - like *tiiC amount ov 

■type <Jc "" 七^七从 - 

iiavc^-t jo*t*tcd do^iv\ V^cv-c- 


Its 0 \C {jo assume that the y/cb juys have 
alvcady deal 七 with -these- V® u o^ly r\eed 
to ih'mk about 七 he physids. 


If you write the delivery time as an 
equation you can see what's going oh 

The total delivery time is the time Alex spends cycling to the 
customer’s house plus the cooking time for the pizza. 

It takes a lot of words to describe this, and it’s difficult to tell what’s 
going on without reading the whole thing. This is why in physics, 
people use equations to describe how the world works. 


You can use letters with subscripts as symbols to represent each of 
the times: 

t , for the total delivery time. 

tota 】 



eye 


for Alex’s cycling time. 



cook 


for the cooking time. 


Then you can write down the equation t '二 t + t , . This says 

J 丄 total eye cook J 

exactly the same thing as “The total delivery time is equal to the time 
Alex spends cycling to the customer’s house plus the cooking time for 
the pizza.” Except the equation lets you see that at a glance. 

WcVc us'mj italics hcirc {jo V-cpvcsChi 
vaviablcs. You dor/ 七 have -to do this 
y/heh you’ve y/vitmg 七 hern dovm! 


Use 'V *to s\\o^i 3 symbol 
vcpvcsci^*ts a 七 ime, air>d use 
subsdvifts bo *md*ida*tc yn\\'\t\\ 
time, C-5-, *t took . 


Equations let you 
represent tke real 
worlct symbolically 
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equations and graphs 


Use variables to keep your equation general 


An equation like t '二 t + t , is general because it isn’t tied to any 

丄 total eye cook ^ J 

particular values for the cycling or cooking times. This means you can use 
the same equation for any order. Any quantity represented by a letter rather 


than a number is called a variable. Here it’s good for ^ al , t cyc 
be variables because their values will vary for each customer ： 


， anc H ook to 





Tiicsc av-c all 
VARIABLES, as 

-fov 没乙 h tus*tonr\C\r 


total 


eye 


tJier 


thereiare no 。 

Dumb Questi9ns 


So you da 灼 vcusc i*t 
ANV dus*tomc\r 
who ovdevs piz^a. 



cook 



The oirdev- you add m 
doesjr /七 rwattcir. /ou dould 
also y/irrte 七 


to-tal 


took 




Why bother with an equation when 
a description will do just as well? 

Descriptions are good because if you 
can explain something in words, you know 
you've got it. But equations are also good 
because they let you be short and sweet 
when you're explaining things. 

But the equations use letters in 
them. Surely that makes things harder 
because you have to explain what each of 
the letters means before anyone else can 
understand what the equation says. 

That’s true - but once you know what 
the letters represent, they’re much quicker to 
write down and take in than a load of words. 


But why use letters in the equation 
at all? Surely it would be easier to get the 
delivery time if we write numbers in there 
from the start? 

You’re right, that would work - but only 
for one particular house! You’d need to start 
over again for each new delivery. 

Q/ Can’t I use different letters to 
represent each thing instead of using tall 
the time? 

Each of the variables in your equation 
is a time. It’s conventional to use the letter 
f to represent a time, and use subscripts to 
indicate which time that variable represents. 


But why use subscripts rather than 
using two letters next to each other? 
Surely using initials like 'df for delivery 
time would be clearer? 

One reason is that in physics and 
math, you indicate that you’re multiplying 
two variables together by writing them next 
to each other. So you write a x jb as ab. The 
second is that l dt' is already reserved for 
something else (which you’ll come across 
later on in the book). 

Oh yeah, I kinda remember that 
from math. Why is it useful?! 

It helps you to see the building blocks 
of your equation more easily. We’re just 
getting to that... 
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equations explained 



E 职 at ! 祕 Up Ckse 


An equation uses symbols to show you that two things are equal to each other. 



The *two sides c^ual 



total 


a T 




eye cook 


An equation must 
kave an equal sign! 

I-P *l*t doCSK^t its 

y\o{, By\ £^UA*tio^| 


In an equation, each of the blocks you add together or subtract from each 
other is called a term. A term can be a number, a single variable, or several 
numbers and variables multiplied or divided by each other. 





A TERM is one 

ol tke tuilctingf 
blocks tkat you 
adxt or subtract. 


You can break down equations by thinking about them one term at a time. 

If a term is more complicated than a single variable, you need to do all the 
calculations (multiplying, dividing, and so forth) within a term before you add 
it to or subtract it from other terms. So that you can spot terms easily, it’s 
usual to use a shorthand for multiplication, like bz instead of fo x z since this 
groups together all the variables in each term. 


X 



Tkink about 

equations one 
term at a time 


个 TWis Wm is variables 
vL youVc ambers mto 

7 喊 c<\ua*t'»o^, you -to y/ork out bz. 
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equations and graphs 


You need to work out Alex's cycling time 


Your equation for the delivery time is ^ = t cyc + ^ ok . There are 


two terms on the right hand side: t for the cycling time, and t 


eye 


cook 


for the cooking time. You can make the job of working out the total 
time, t , , easier for yourself by thinking about t and t , one at a 

)total 1 J y o eye cook 

time. 


You already made great progress with t 平 (Alex’s cycling time) when 
you intuitively realized that t^ c must depend on the speed at which 
Alex cycles and the distance the customer’s house is from Break 
Neck. But how do the speed and distance affect the cycling time? 


What do you expect to happen for extremes, like a short distance or 
a high speed? 


一 your pencil 

一、： 1 um 


can think of that migl" 




Pairt o( youv Shavpch 
a^sy/cv- -rvorw 



Pizza Delivery Magnets - 

Your job is to use the magnets to explain how the distance to the house and 
the speed at which Alex cycles affect the time it takes him to get there. There 
are only two words on the magnets, but they all have a place on the pictures. 


B\rcak Nedk 
Piz^a ⑽ 




Rcw'CW'bcv* — 七 is 
-tKc time i*t takes 
/\lc% -fco cycle 



If the distance is 


If the distance is 


then t cyc is 



then t is : 


eye . . 



If the speed is 


then tcyc is 





If the speed is 



• 

then t cyc is 



參 





















magnets solution 



Pizza Delivery Magnets Solution 

Your job is to use the magnets to explain how the distance to the house and 
the speed at which Alex cycles affect the time it takes him to get there. There 
are only two words on the magnets, but they all have a place on the pictures. 


B\rcak Nedk 
Piz^a ⑽ 




Remember -七 is 
七 lie time rt 
/\lc% bo dydlc 



If the speed is 


then t cyc is 
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O 


I don't see the point of doing this when I don’t 
know the values for the distance or speed yet. Our 
customers want actual times, not general trends! 


When you start, it helps to be a part of it and 
think about what happens at different extremes. 

Before you start trying to work out what’s going on with numbers 
and actual measurements, it’s always a good idea to be a part 
of it. Use your intuition to think about what you expect to 
happen to the cycling time at certain extremes, like a long 
distance or a high speed. 

If you already have a good idea about how the distance and 
speed affect the time, you’re more likely to spot any little mistakes 
you make in your math. 







































































equations and graphs 


OK, so we know that houses that are further 
away will take longer to reach. But how much 
longer? How are we supposed to know the time 
going to take Alex to get to a whole load of houses 
that are different distances away when he hasn*t 
been there before? 


O 


Joe: Well, I guess we could get him to cycle to each potential 
customer’s house in his area, one house at a time, and set up a 
database. So when the customer types in their address, the website 
can look it up in the database and give out a delivery time. 

Frank: Think of the overtime that’d cost us! It’d take forever for 
him to do all that. And he wouldn’t even be delivering pizzas; he’d 
just be recording times to the houses of people who might never 
order a pizza...that doesn’t sound like a good idea at all. 

Joe: OK. Maybe we could work out an equation for Alex’s cycling 
time. We already know that l depends on his speed and the distance, 
so we’d be angling for something that looks like “t 二 something to 
do with speed and distance.” 

Frank: Ooh, actually, working out the distance to each house is fine. 



The web guys can already do that with their online mapping gizmo. 


Joe: We now need to work out Alex’s speed, so we can try to use it 
in an equation. I know this sounds weird ... but we might try being 
Alex. Putting yourself in someone else’s shoes is supposed to help 
you solve problems. 

Frank: Like “Alex pushes the pedals, and the bike goes forward ”？ 
OK, let’s brainstorm. So say I’m Alex, out delivering pizzas all 
evening. I don’t want to ride too fast, or I’ll get tired. 


Joe: But I also don’t want to ride too slow, or I won’t deliver that 
many pizzas and won’t get as many tips. 

Frank: But I’m the top delivery guy, so I have the experience to 
start off riding at the best speed and to keep up that speed for the 
whole evening. 


Jill: So Alex always rides at the same speed. Hmm, if we can 
work out his speed, could we use that and the distances from the 
mapping gizmo to work out the time it takes him reach a house? 

Frank: I think you might be right. But how on earth are we 
supposed to work out what speed Alex rides at? And how do we use 
that to get a delivery time? 


It usually kelps to BE 
someone (or sometkingf), 
so you see wkat tke 
pkysics looks like from 
insicte tke problem. 



How might it be possible to 
measure Alex’s speed, so 
you can use it to work out 
cycling times for deliveries? 


you are here ► 


103 










deriving a time from speed and distance 


O 

o 


I still don’t see how working 
out a speed will help us when 
we want time. 



Joe: Well, if Alex always rides at the same speed, he should 
always cover the same distance in the same amount of time. 

Frank: Ah ... I think I see what you mean. If Alex always goes at 
the same speed, and we measure his time for 1 km, it’ll always 
take him that amount of time to cycle 1 km. But wouldn’t we 
still need to time him over all possible distances to keep our bases 
covered? 

Joe: I don’t think we need to time Alex over lots of distances. If we 
time how long it takes him to cycle 1 km, we know, without having 
to time him again, that it’ll take him twice as long to go 2 km. 

Frank: Then, we can take his time for 1 km and say it’ll take him 
half as long to go 0.5 km, and three times as long to go 3 km. I 
get it! So we only need to time him once to get his time for any 
distance. 

Jill: I m not so sure about only timing him once. A lot hangs on this- 
if we get the delivery times wrong, the customers get free pizza, and 
that’s very expensive. Why don’t we time him more than once over 
1 km and take an average of all his times in case there’s a bit of 
fluctuation between one run and the next? 


Joe: A bit of uncertainty, you mean? That makes sense. And why 
don’t we cover our bases by timing Alex over a variety of distances 
to make sure he does always ride at the same speed? 


Wken you do 
an experiment, 
you skoulct 
make multiple 
measurements so 
you get tke Lest 
average possible. 


Jill: Sounds good to me. 

Frank: Aren’t we giving ourselves a harder calculation to do at the 
end though? If we just time Alex once over 1 km, it’s easy to scale 
the time for a different distance - 2 km takes twice as long, 0.5 km 
takes half as long, and so forth. If we time him more than once over 
a variety of distances, how can we work them out? 


Jill: If we work out Alex’s speed in meters per second, we can use 
that to work out the time. So suppose he goes at 10 m/s; he’d cover 
100 m in 10 s, 1 km in 100 s, and so on. We can estimate his time for 
any distance if it follows the same pattern. 


Frank: OK, I think you’ve managed to convince me - especially 
since the town is relatively flat, so there aren’t any hills to mess 
things up. Let’s go design an experiment! 
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Design 

experiment 


equations and graphs 


I*m still not convinced about needing to 
make more than one measurement. Why 
would taking an average help me? 


O 


Making multiple measurements gives you an 
idea of how widely your results are spread out. 

At the moment, you’re assuming that Alex always rides at the same 
speed. But what if he doesn’t, or if his speed varies between trips 
or at different distances? 


If you only time Alex once, you have no idea how consistent his 


TKc Jc cvvov (or 

a dcvidc is 

土 Kal^f a sdale division. 



speed is. If you time him more than once, and his results have a 
wide spread, then you’ll probably need to think again. But if his 
times are all similar to each other and close to the margin of error 
of your stopwatch, then you’re good to go with their average. 



Whew you dGsIflw aw experiment thiwk about what might go wrowg! 


Making more than one measurement is just one way of improving your experiment. 
Everything in your experiment - Alex, the road, your tape measure, and your stopwatch 
- could cause you problems! If you don’t think about the worst that could happen before you 
start, you could end up with useless results and no chance to repeat the experiment. 





l/Vould you vcally 
ask io do 
it all aja'm? 



Jrpen your pencil 


Think about what might go wrong with all the things in your 
experiment - and how you would make sure the worst didn’t happen. 


Item involved in 
experiment 

Potential source(s) of error 

Howto deal with this 

Alex and his bike 

Alex’s speed is inconsistent. 

Time him more than once over a distance, 
and take an average. 

The road 



Tape measure 



Stopwatch 

The watch doesn’t start at the right time. 



Theve mijlvt be move ihair> th'mj 七 ha 七 CoM 30 y/^0^5 with eddh iicrw. 
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sharpen solution 


Design 

experiment 



Think about what might go wrong with all the things in your 
experiment - and how you would make sure the worst didn’t happen. 


Item involved in 
experiment 

Potential source(s) of error 

Howto deal with this 

Alex and his bike 

Alex’s speed is inconsistent. 

Alex, jets *ti\redl as he tyt\cs 

Time him more than once over a distance 
and take an average. 

Time him ovc\r both lo 灼 3 sho\rt dis*ta^cs. 

The road 

The \roadl rwi^vt y\o{, be -flat Alex, would be 
slov/cv- uphill -fas*tc\r dovmiVill. 

Make su\rc you do oy\ a -flat 

piede o-f \roadl- 

Tape measure 

The measure have s*brdhed W\{\\ 

use By\d y\o{, be a^du\ra*tc- 

Tcs*t i*t you ki^ov/ is 0 ^ 

bc-fo\rc you use it 

Stopwatch 

The watch doesn’t start at the right time. 
The v/a*tdli doesn't s*top a*t time. 

Make su\rc you 乂 ajv-cc oy\ 3 

p\ro-bodol bc-fo\rc you s*ta\rt 


^ —广 Most ( 
results in 丨 


Most of the sources of error in the table would bias the 

in one particular direction. I'm not sure I can sort that out by 
making lots of measurements and taking averages. 




There are two different types of errors- 
random and systematic. 

You already realized that if Alex’s speed isn’t 100% 
consistent, his times will be spread around. This is similar 
to the range that a measurement may fall into due to your 
measuring device having scale divisions (like your myPod 
measurements). If Alex’s times aren’t too different for 
each ride, you can reduce the random error by making 
several measurements and taking an average. 

Some sources of error are built into the system. If you 
time Alex going downhill, he will be faster than he would 
around the town, which is mostly flat. If the tape measure 
has stretched, the actual distance will be shorter than 
you think it is. Errors like these are called systematic 
errors, and they bias the results in one particular 
direction. Taking averages doesn’t help reduce bias, as all 
the results will be higher (or lower) in the direction of the 
bias. You need to spot them in advance and plan ahead 
to minimize them. 


Dor / 七 v/ovvV you sdid some 。七 

ov- i-f you did^*t dome uf v/i 七 
s'm^lc ov\C o( tKcsc possibilities. 


Ranctom errors 

involve SPREAD. 

Minimize tkem 

v AVERAGING. 


Systematic errors 

involve BIAS. 


Minimize tkem ty 


PLANNING akead. 


106 


Chapter 4 






















equations and graphs 


OK - time to recap where youVe at. 




E%ettcl$e 


You’re designing an experiment to help Break Neck Pizza with their website, on a spare 
napkin (as all good physicists do), but unfortunately, some of the words have succumbed 

t0 P izza 9 rease - 匕 一^ ^Vou use all 

Fill in the blanks using the words at the bottom of the box. y/ov-ds, av>d you may 

use some move *tV> 扣 or\tt\ 


TKis use 
vcsul*U you alvcady 
-foV some values 
*to y/ovk ou 七 


一 — - 一 * ^ '■ ^一 1 

:广 I 

I 

y^A ou-t 


b> Keif B«ak Kcdk Piz^ “d ^ 
iakes h\c% b> cycle 




AI-tKou^ I v-cally v/arrt a delivery 
v/ay -to do *tKis is to v/ork out AIc%s 

^ydlcs a*t a toy\siav\i all cv ⑼”. 

|V ^o'm^ -to measuve out several 
measure ； makir^ su 代七 k yro^d is 
■tap measuv-e is〆 七 v/a^cd to 代 du6c 

-to - cadK mcasurcmc^-t 

e a 於 *to *bry *to du 七 do 

-fvom 七 he 


I- 

•take 

TKcr^ I tBY\ 
measuved bo v/orlc ou 七 a delivery 

av/ay 


.__ 乂一 _ 从. .. 


I 七 Wmk Ihe besi 
Ke says he 






vm o 扒 


v/i-bK a -tape 

a 灼 d 七七 he 

cvvov-s. 

a 灼 dl 

cvvov-s. 





， a”d I 

-fov- a^y Kousc, a^y 





-to >wo^rk O^i wKa*t ^ Missing words: speed, ihrcc times, c^irapolaic, dirediioh, sysiemaiid, disiaut, 
-fov av>Y value- OY\tt } V"Cpc3*t, 3vc\r3^c, *timC, dis 七 \rdhdom； times 
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experiments with ease 


Design 


Carry out 

experiment 


experiment 


Conduct m experiment to 
find out Alex^ speed 

You need to give Break Neck Pizza’s customers a 
delivery time. It’s important not to get this wrong 
since you’ll have to give out free pizza if you do! 

You’ve decided to do an experiment to find out 
Alex’s speed when he’s out delivering pizzas. Then 
you can use that to work out the time it takes him 
to cover any distance. 

You’re timing Alex over three different distances, 
three times for each distance. That way you’ll 
be able to spot how consistent Alex’s speed is 
and smooth over random errors. These crop 
up because you can’t recreate exactly the same 
conditions each time, and because your measuring 
devices can’t possibly be accurate to the nearest 
fraction of an atom! You’ve also thought of possible 
sources of systematic error and made sure your 
equipment is up to scratch. 


Here's what happens: 



b> Kelp Break 賊 p-.z^ UA out 
i\\t time \i -takes -to tytlc 



AltW# I ^ally a I tWmk i\\t best 

y/ay -to do -tV>«s is -to out - ^ sa V s 

tydlcs at a all 

to measure out several dista^cs y/itK a -tafe 
measure, makm5 su^rc yro^d is ^lat and tKc 
■tap w>casu^rc y/a^cd -to errors. 




vt -tWcc twes and 


CVVOVS. 


H 


「州 ^0^5 to ytytai cadK measu 代啪 cn 

take a” average to ^7 to tut dovm ⑽ wcW 
T\\tr\ I ^ times a»d d\siauts 

n>casu^a bo v/o^rk out a dclWc^ ^ 3^ V>ousc, 3^ 
diis-bandc a>w3y- 


h doj \r 3 h out ih 
Alc^ duv-'mj 七 he 
sedohd tv-ial OVCV 2^0 r 
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equations and graphs 


Write down your results... m a table 


As you’re doing your experiment, write your results down in a 
table. This keeps all your related pieces of information next 
to each other, in rows or columns. You’re less likely to make a 
mistake writing down a measurement if you use a table. It’s 
also much easier to see what’s going on and spot patterns in 
your experiment 

The headings for your table should go in the top row, with 
the thing you’re changing on the left, and the thing(s) you’re 
measuring to the right. You should put the units of each 
column in the headings. 


As you make 
measurements ior your 
experiment, write tkeiti 

ctown in a TABLE. 


^^arpen your pencil 


Pu*t ur>i*ts m 

keddm^s so *bKa*b 一 
-table jus*t Kas 


Fill in the table using the results shown on the opposite page. 

You’ll need to add some extra information to the table headers as well. 


Put youv 
m "the *top voy/. 


Youv values 
ih -these voy/s 





V. 


Put the ih'mj youVc ^ 


dolunrm, m ovdcir of siz^. 


Tvar>s-fcv youv 

vcsul*ts 

'm*to *table. 



Distance Alex cycles 
() 

Time 1 
(s ) 

Time 2 
() 

Time 3 
() 

Average time 
() 











500 

120 







个少， 

A \ L . , /. L ,l-f youVc aveva^ma youv 

呼 — uw 一 - — 


be *to 

-themselves. 


Tables kelp you keep your 
results orderect and make it 
easier ior you to spot patterns. 
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sharpen solution 


Design 

experiment 


Carry out 
experiment 


Look at 
results 



rpen your pencil 
Solution 


Is it fair to include the 
80 seconds in this average, 
considering a dog got in his way 
and slowed him down? 


Fill in the table using the results shown on the opposite page. 

You’ll need to add some extra information to the table headers as well. 


RcrwCrwbcV- 

say wha 七 

UNITS 
) . 
you rc 


Distance Alex cycles 

_ 

Time 1 
(s ) 

Time 2 / 
⑴ / 

Time 3 
( s ) 

Average time 
( s ) 

loo 

23 


2 •午 

ZZ.l (Z sd) 

2^0 


© 

% 

"5^ (z sd^r 

500 

120 

pm 


110 (Z sdK 


You’ll usually lose po'm*b 
cvevy tiw'C you don *b 

adds \ a ^ fv-c*t*by 


Thmk'mg about 
y/hc\rc youv 
outlie" may 
have Con\t -rv-orw 
will help you *to 


l-P you dem’t mdludc the 

- nr»casu\TCnr»Ch-t, dvevd^e 

tirwc -Pov 7J?0 rw becomes 
说弓 s. 

Look out for measurements that don’t fit. 

One of the reasons for timing Alex more then once over each 
distance was to assess the spread (or scatter) of his results. 

If he can’t ride at a consistent speed, you’ll have to think 
again about your whole approach. 

In this experiment, all of the times for each distance are close 
together, with a spread similar to your stopwatch’s margin 
of error. However, there’s one time that’s way off. The 80 s 
measurement for Alex going 250 m sticks out, and you need 
to think about why. Is it because Alex isn’t very consistent - or 
did something go wrong just that one time? 





m 


But i-r you do〆 七 

d good \rc 3 soir> *to 
disdav*d it, 七 heh rt’s 
jotta stay m iheve/ 


improve youv 


setup By\A 


vedute CV-\ro\rs. 



If the measurements are spread out because Alex is 
inconsistent, you should probably make more and more 
measurements at each distance, so you can get a better idea 
of the spread and take a better average. 

If there’s a good reason for the outlying data (which there is 
here because a dog ran out in front of him), then it’s OK to 
discard the measurement since it’s not representative. 
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equations and graphs 


Use the table of distances and times to 
work out Alex's speed 


Now that you have a table of distances and times, you can work out Alex’s 


speed. Speed is measured in miles per hour, kilometers per hour, or meters per 
second. “Per” means “divided by,” so whatever the units, the dimensions of 
speed are distance divided by time. And the speed itself is the change in ▲ 


the distance Alex has gone since he started divided by the change in the time 


that’s gone by since he started. 

You dl\reddy this 

bedduse you dlireddy the uhi^fcsj 


kilomctcv-s 

(change in) distance ^__ 

〔change in) time ^ ouy . 



七 >MO\r\ry boo muA 
dbou^ *biic 

(or y\oy/. Vou II see ^ 
v-cally l3*tcv" or\ 

•m i\\t 乩 after. 


Once you’ve worked out Alex’s speed, you can give the customer a delivery 
time for any distance. 


^harpen your pencil 


Using the equation above, work out Alex’s speed for each 
of the distances in the table. 


Distance Alex cycles 

Average time 

Average speed 

(m ) 

(s ) 

(meters per second) 

100 

23.7 


250 

58.5 


500 

120.0 



丁 hcvVs dovm hcv-c -Pov- you\r W0Ri( 

(domg "the speed ddlduld'tioirts a 灼 d dohVc\rtmj "the uhits). 


You can work 
out tke eejuation 
lor speed using 

its UNITS - 

” miles per liour，” 

” kilometers per 
Itour，” and so on. 
Speed is distance 
ctivictect ty time. 

SVid-tlv sfeakm% -tills veaso^m^ 
Y\\\J V/ovks -rov sirwflc c^udtio^s. But 
you m*tui*tWcly kr>ov/ i*ts 
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sharpen solution 


Design 

experiment 


Carry out 
experiment 


Look at 
results 


^hdrpen your pencil 

Solution 


Using the equation, work out Alex’s speed 
for each of the distances in the table: 


speed 


(change in) distance 
(change in) time 


Distance Alex cycles 
(m ) 


100 


250 


Rcrwcrwbc\r -fco 

explain 

»v-c 


500 



Average time 
(s ) 


23.7 


58.5 


120.0 


Average speed 
(meters per second) 


V, 


si 





s\ 


dis*ta^dc ： 



100 m 

"time 

un s 

dis-ta^dc ： 


dis*ta^dc 


"time 

说弓 s 

dis-ta^c ： 


dis*ta^de 

^OO m 

"time 

110.0 s 



午 mc*tc\rs pcv sc^oir^d 


午 .2// mc*tc\rs pc\r scdoir\d 




午 .1"? meie\rs pc\r sc6o 灼 d 


■t，s 

exp 


OK ■ there will be some spread in 
erimental results due to random c 


your 
errors. 


For a start, the error on each of your measurements is 
土 half a scale division. Then there are random fluctuations 
in things you don’t have control over - tiny changes in wind 
speed, the exact state of Alex’s tires, tiny changes in the 
surface of the road, and so on. 

When you measure the same thing more than once, you 
shouldn’t expect exactly the same answer each time. 


孓 sd mrtOhS si^hi-piddh'b dijits. W 
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equations and graphs 


Random errors mean that results will be spread out 


Random errors mean that your experimental results will be spread around an 
average. If they’re not spread out very much, your results are said to be precise. 



I-P you -take i\\c o( 

INACCURATE ^rcsulU youv 

dr>sv/ev- is v/ay because 

o( sys*tema*ti 乙 bias. 


You vcally 

youv- ircsults -to be 

both PRECISE 
3hd ACCURATE. 


However, if you have an underlying systematic error that’s biasing your results in 
one particular direction (like if the stopwatch is consistently started at the wrong time), 
then you won’t be able to work out an accurate value by taking an average. 


A lav-^cv- SPREAP 

youv 

results av-c less 

PRECISE. 


It’s possible 
-fo\r \rcsults {o 

be ACCURATE 

without 

PRECISE. 


Reducing random errors 


It’s possible -fov- 
\rcsul-ts {jo be 

PRECISE without 
bcih 9 ACCURATE. 


improves your precision. 


improves your accuracy. 



So I can reduce random 
errors by choosing a more 
accurate measuring device? 

You mean a more precise 
measuring device. Smaller scale 
divisions mean a smaller spread 
and lead to greater precision. A 
more accurate device would be 
one that reads true values. 


So could I get perfect 
precision as long as I use a 
fine enough scale division? 

Notquite. At very small 
scale divisions, you get random 
fluctuations (errors), e.g., the 
distance read by a micrometer 
is affected by surface 
imperfections, and the reading 
on a balance by tiny air currents. 


OK, but the spread in 
Alex’s speeds isn’t because of 
things like that, is it? 

It’s impossible to set up 
your experiment with exactly 
the same initial conditions, right 
down to the position of every 
atom, each time. Your results 
will always have some kind of 
spread whatever you do. 


That’s annoying. I 
worked out an average speed 
over three distances, and it 
came out different each time. 
How do I decide what the best 
average is? 

You really need a better 
way of taking averages. We're 
just getting on to that now ... 
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graph it up 


Design 

Carry out 

Look at 


Plot results 

experiment 

experiment 

results 


on graph 


A graph is the best way of taking m average of ALL your results 

So far you’ve been taking the average of one set of results at a time - but the 
average times (and, therefore, average speeds) for each distance are slightly different. 

You can kind of think of this as a c one-dimensional’ average. 

_ ___ Poublmj "the doubles -the time. 

Bsch sci o( y!s ^ - 

i - ^ -- 命 —— > Time 



Bsch vcv-tidal I me v-cpv-cscr\*b 
■the avcv-ajc of *thv-cc -times. 



斗 






■ ■ 

The best way to work out the average speed across all of your results is to draw a graph. Since 
you’re expecting the time to double every time you double the distance, triple every time you 
triple the distance, and so on, your measurements will lie along a straight line. You can kind 
of think of this as taking a ‘two-dimensional’ average, as you’re using two axes for your plot 
and are able to include measurements made for different distances on the same graph. 


Pis-ta^c 



■ 

■ ■ 

The avcvajc o( eadh sc*t o-P -thv-cc 

ponrrts y/'mds up m iroujhly sdme 
plate. Its y\o{, exactly m -the same 
plate, as youVc taking ALL of -the 
otlicv- poir>*ts m-to addouht 




Bsch sci o( %s 
^ Z-T 1 V-CpVCSChts tildes 
一 ^ (or Ohc distahde. 


Doubling 〆'■ 

the disia^dc 

doubles the 
time. 


TKc I'mc *tKa*t ^ocs as 
dose as possible {p ALL 
-tKc % s vcpv-csc^ts *tKc 

avcv-ay ok ALL 七 he 

mcasuVCr«C^*U- 


Tirv\C 


The I me also lets you 
vead o++ a pv-edidied 

tinr»c -Pov ANV dista^c/ 


This also has the advantage of giving you a way of reading off the time it should 
take to cover any distance. 

As is often the case in physics, a picture speaks a thousand words! 
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equations and graphs 

- A Grapli Up Cl^se 

You’ve probably drawn graphs before, so here’s a quick refresher. 

The most important thing is to make it clear what your graph is representing! That means 
you need a title, labels for each of your axes, and units along each axis. 

Plot your points by putting the center of an ‘X’ exactly where your measurement is. 

If you’re expecting each thing you’ve plotted to double when you double the other thing, 
draw the best straight line you can through all the points on your graph. This takes 
the best average possible of all your data and allows you to read off extra values by 
interpolating (for values that lie between your measurements) or extrapolating (for 
points that lie beyond the range of your measurements). 

This graph isn’t of the experiment you did with Alex - that’s your job on the next page! It’s 
another graph where the doubling thing happens - the cost vs. volume of pizza sauce! 



今 ive youir yaph a TITLE. 


Alchtioh "the 七 hmg 
oy\ youv vcirtidal 
a 乂 is -fiv-! 


the 01 ^ youv 
hov-izjo^tal axis. 


-Cost o( 
〔 ）sdude 

Label tacM ’ 
a%is AS 

七 he yapiv 


*ro\r Pi: 


of dos*t vs. volume 


pi ，， 為 ^ - Rcmcmbcir -to say _AT 

1 - ■ ■ ■ you\r jv-aph is abou*t/ 


*5 ■■ 


午圓 


1 ( doublihj ohc ^uahiiiy 
doubles -the oihev-, a 
sivaijhi I me thvoujh ihc 
points you alvcady k^oy；. 


\ZOO ^ 
dos*b 


1 


"the Tmc joes ◦ 
thiroujh -this 
foirrt, as ho 

saude dosts fO. 

I 



EXTRAPOLATE by 
-the I'mc io 
y/ovk out 七 he 6osi o( 
d lav-jcv- o-P 

saude, c j., ZOOO dt? 


INTERPOLATE *to >wov-k ou*b 
t tost m 一 brUe ⑼ 

amount s3udC> > 


av-C 6ubi 乙 
£.Cr\*b»w»C*tcV"S. 



\00 


^00 t\n\ 

^os-ts fZ. 


I ZOO \bOO 

Pu*b a s^alc 

dlon^ 



Volume o( sdude 

<) 

Rcmcmbcv- *to ‘mdude UNITS? 
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refining your results 


Design 


Carry out 


Look at 


Plot results 

experiment 


experiment 


results 


on graph 


We were kinda expecting Alex's average 
speed to be the same for each distance. But 
it wasn’t - we got a different answer each time. How’s 
drawing a graph supposed to help?? 



Plotting your measurements on a graph 
helps you take a better average than before 

The first time around, you took a separate average of Alex’s 
times for each distance. But you got a different answer for 
each distance - not a great result. 

By doing multiple measurements over more than one distance 
in the first place, you increase the precision of your result 
by reducing random errors. But if you don’t somehow 
combine all these results together to get one answer, you’re 
not answering the question completely. 

If you plot the points on a graph and draw the best-fitting 
straight line you can, then you’re using all of them to take an 
average - a much better way of doing things. 

And because it’s visual, you’ll be able to see if any of your 
points are outliers. 

Fitting a line to a g[rapk is like 
taking an f in^ormect average •’ 



—— Graph-drawing Tips - 

■ If you’re plotting how something changes with time, 
then time always goes along the horizontal axis. 

■ Look at the extremes of your data - the largest and 
smallest numbers. Choose a scale that allows you to 
use most of the paper. 

■ Remember to mention your units on the axes! 

■ Plot points using a small x (not a dot), so you can still 
see the points after you have joined them up. 


■ Join the points freehand with a smooth line unless 
you know that a straight line is more appropriate (e.g., 
if someone went at a steady speed). 

■ Drawing a straight line through your points is like 
taking an average, except in a better, more visual way 
than you did before in your table. 

■ Give your graph a meaningful title that makes its 
context clear. 

Use -these tips -to Keif 
you 
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equations and graphs 


Use a graph to show Alex's time for ANY distance 


Alex is good at sticking to the same speed. This means that if you double the distance, then 
the time he takes to cover the new distance will double accordingly. 



In other words, the distance and time points should lie along a straight line when you 
plot them on a graph (give or take experimental error). And once you’ve plotted a graph, 
you can read off Alex’s time for any distance. 


Jus-t like the 
tos-t dirtdi amount 
o( saude did 


(^|^rpen your pencil 


a) Plot the measurements from the table as points on the graph 
(you can skip the outliers). 

b) Then draw a best fit straight line through the points so that 
you can read off the time it’ll take Alex to travel any distance. 

c) How long do you think it’ll take Alex to travel 400 m? 


cycles (m) 

Time 1 
(s) 

Time 2 
(s) 

Time 3 1 

100 


24 


250 


80 

_^J 

500 

120 

121 

119 


d) And how would you work out his time for a house 1040 m away? 
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sharpen solution 


Design 

Carry out 


Look at 


Plot results 

experiment 

experiment 


results 


on graph 


The line on the graph is your best estimate for 
how long Alex takes to cycle ANY distance 


y v 


Now that you’ve drawn a graph, you can use it to read off ANY distance Alex may 
have to travel by extending the straight line you drew, and estimating the pattern or 

extrapolating from that. 

So for example, if a house is 1040 m away (much further than any of the distances 
we got Alex to bike in the experiment), you can extend the graph and straight line to 
find out that it would take him 250 seconds to get there. The graph works! 

There’s only one problem - how to get the graph “into” the Break Neck website, so it 
can give the time to the customer. 



500 


400 


300 


200 


100 


100 


110 


120 


\i takes {p^i{x> a 
house lO^rOm awf 


S*tcp wa' 




to 


\cy\o^ V^ov/ \ov\^ 


You t^Y\ also mdlude this as 
has *t\ravclcd O mc*tcv-s he s-tav-ts. 


your pencil 
Solution 


l-f AI 作 always joes at 
七 he same speed, you’d 

e 乂 ped 七 the -to 

lie a s^braijlvt Ime- 


hrr 


ime 




TVis is a best—rix 

Ime *b^v-ou^ 
i\\t data po'm*b -fvom 
you\r "tsblc- 


Dcm ’ 七 y/o\r\ry i-f -the Ime 
doesn't "thv-oujli dll oi* 
七 he points e 乂 ad 七 ly - jus 七 
tv-y -to put it dost {jo as 
n\Bv\y poiivts as possible. 


This is "the 'ou 七 lym< 
pom*t -Pv"om do^ 

rBr\ \y\ -p\ro^*t o-f him. 


O Vou INTERPOLATE 

between youv- data points -to y/ov-k 
out that it takes Alex avouhd 
sedohds -to dovcv- 午 OO 
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equations and graphs 



Did you \rcmcmbcv 
*to jive youv yaph 
a mca^'m^-rul title? 


Plo*t o-f dis*ta^c vs. -time -fo\r Alcx« 


今 。 across u^til you hit 
the Ime cm -the jvaph 七 ha 七 
\rcp\rcschts Alc^s speed- 


by *b^c Imc 3s *fav 

as you like, dy\d v-cad'mj o-f-f 
times -fo\r o*tWv" d»s*t3n^CS. 


TV^cr\ doy/y\ -fvom *bV^ve, ar\d 

v-cad *b^c value o^-f *b^c tn^c a%is. 



M/ 


\J/ 


N/ 


tWeiare ng o 

Dumb Qu©sti 9 ns 



Remind me again why we 
did the graph rather than just 
doing one measurement? 

To try to reduce the errors. 
Making many measurements is less 
error-prone than just making one. 

So why not just measure 
Alex multiple times over one 
distance? Why use several 
different distances? 

For a couple of reasons. First 
of all, you need to make sure that 
he’s not going to go at different 
speeds for different distances (even 
though you asked him to try and 
ride at the same speed each time). 

Secondly, timing him over several 
distances has enabled you to draw 

a graph. 


Y 0[a 你為 y t\ttd "to 七 
9 -few move boxes 


you ov-ig*mally 
w\roic out a sddle *fov-. 


So why not be like a 
spreadsheet program and join 
the points properly? Why draw a 
line that doesn’t even go through 
some of the points? 

Doing a best-fit straight line 
effectively takes an average of your 
measurements. If Alex goes at the 
same speed the whole way, you’d 
expect the points to all lie along 
a straight line. Errors mean that 
they don't. You’re trying to ‘find' the 
line that the errors have obscured. 

A graph allows you to see where 
outlying points are. You can then 
make them count less by not going 
so near them with your line. 


I guess that if 
another delivery guy 
rides at a different speed, 
his distance-time graph 
would look different? 


O 
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see the slope? 


Design 

experiment 


Carry out 
experiment 


Look at 
results 


Plot results 
on graph 


You caw see Alex's speed from the 
steepness of the distawce-timc graph 

The distance-time graph not only lets you read off values, 
but it also lets you see how fast something’s going at a 
glance. 

The faster someone is, the greater the distance they go 
in a set time. When you plot their distance-time graph, 
you’ll see its slope (or gradient) is steeper compared to 
someone who’s slower. The higher the speed, the steeper 
the slope of the distance-time graph. 


l-f you SEE i*t, 
you it! 


So if Alex raced against the delivery personnel from some 
of Break Neck’s rivals (all going at their steady delivery 
speed), you’d be able to pick the winner in advance from 
the slope of their distance-time graphs. 


graphs dis-ta^dc vs. -time -fov 

Visia^c di-r-rcrch-t delivery pewoirmel 

(rJ 


In pkysics, tke 
steepness oi a g[rapk 

is called its SLOPE. 

The slope tBv\ also be called the 
yadic^-t - thcyVc the same 



A s*tccfcv I'mc shows 
七 tovcv"cd 

more dis*ba^c m *bi^c 
sa»\c •biw'C) so *b^cy must 

V^ave a speed- 


Time 

(sedohds) 



Tke laster sometliing’s going, tke steeper 
tke slope ol its distance-time g[rapk. 


The c^cv-^isc bike is Completely 
STATIOKARV, so the slope 
o-f i*ts dis-ta^dc—*tiw\c yaph is 

^omplcicly Flat. 
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equations and graphs 


So you can only compare 
the slopes of graphs if 
they re all drawn on the 
same set of axes? 


O 


o 



This medhs do'm^ -things 
with hurwbc\rs (so that 
the wcbsi-tc cav\ give -the 
^us-tomcv- a ddivcvy time). 


You can only compare the slopes of 
graphs by eye if they have the same scale. 

All the graphs on the opposite page have the same scale. 
This means that you can just see who’s going the fastest, 
as their graph has the steepest slope. 

But if you have one graph where 1 cm on paper = 200 m 
in real life and another where 1 cm = 10 m, then a line 
representing the same thing will look very different. 

However, a delivery person will still cover the same 
distance in the same time no matter which scale you use 
for their graph. So the distance on their graph will still 
change by the same number of meters in the same time. 
Whatever scale it’s drawn at, the numbers don’t change, 
and you can calculate a value for the slope. 


This is bernj Qualitative, like 
sdymj “tliis erne’s -Pas-tcv- w 
o\r “this OhC’s sloy/C bu 七 
v/rthou 七 ar>y 

hurwbeirs. 


*to do 
r\ur«bcv-s so 
iiic y/cbsi*tc tav\ 
^ivc tus*fcomcv a 
dclWcvy tiwvc 


Will calculating a value for the slope help us 
work out Alex's speed? We can’t really expect 
the customer to read delivery times off a graph! 


To be quantitative, you have to calculate 
the slope of your graph using numbers. 

If you calculate the slope of your distance-time graph, 
it’ll give you an equation which will show you how the 
distance and time relate to each other. And as Alex’s 
speed is (change in) distance divided by (change in) time, 
you’ll be able to work that out. This is what you really 
want for the Break Neck Pizza website! 


Wken you calculate tke slope ol a g[rapk, you get 
an equation wkicli skows you kow tke two tilings 
you plotted on tke g[rapk relate to eack otker. 
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Dista^c 

(m) 


or dis*t^h£.c vs. 七 ir^e 





^ Time 

(sedo 灼 ds) 



「 Slope-calculating tips 


■ You need to choose two points on your line to calculate ■ 
its slope. 

■ Try to find points where your line crosses the gridlines ■ 
on the graph paper so that the numbers you use are 

whole numbers of gridline divisions. ■ 

■ Choose two points that are far apart from each other 
- this makes your calculation more accurate. 

■ The slope is the change in the vertical direction 

(between your two points) divided by the change in the 
horizontal direction (between your two points). ■ 


Remember to write down the equation for the slope 
before putting the numbers in. 

Always subtract the coordinates of the left-most point 
from the coordinates of the right-most point. 

When you’ve calculated the slope, look back at the 
graph to see if your answer SUCKs. A slope of 2 
would mean that the graph goes up 2 for every 1 you 
go across. Does your graph look the same as your 
numerical answer? 

Remember to include units in your answer. 

_Msc ihese tips -to help you y/ov-k out the 

slope o-P jvapli. 


slope matters 


Design 

Carry out 

Look at 

Plot results 

Calculate 

experiment 

experiment 

results 

on graph 

slope 


Alex's speed is the slope of the distawcc-timc graph 


To calculate the slope of a straight line graph, pick two 
points on it, and work out the change in the vertical 
direction divided by the change in the horizontal 
direction. The steeper the graph, the larger the slope. 

On your graph, the vertical axis is distance, and the 
horizontal axis is time. So the slope of your graph is 

change in distance divided by change in time 

- exactly the same as your equation for Alex’s speed. 

To save time, you can use shorthand ‘A’ which means 
'change in.” So “change in distance” is A distance. 


ch T ::二 

that’s gone by since he started. ( 

v/ou al … d— —4 speed = 飞 k 

betause y 01 * knev/ worbj 

workec 
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equations and graphs 


Now work out Alex's average speed from your graph 



en yaur pencil 


a. Choose two points on the line, and calculate the slope of the distance-time graph. 
Use the tips on the opposite page to help you. 

b. What do you notice about the units of your answer? 


啪 ay jus-t have 

■to with Alcxs speed 
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sharpen solution 


Design 

experiment 


Carry out 
experiment 


Look at 
results 


Plot results 
on graph 


Calculate 

slope 


(parpen your pencil 

Solution 


a. Choose two points on the line, and calculate the slope of the distance-time graph. 

b. What do you notice about the units of your answer? 



a- 


Po*m*t I is ( 12. s , m ), Po*m*t Z is ( ^ s , \00 m ) 

This is -the same 

A vcv-*ti^al 一 A d\sjay\U as you\r t 

A 


Slope is 


A ho\rizo^*tal 


-Pov- 


fou\r 

speed/ 


(Puttmg ^umbe\rs \y0 




午 00 m - 弓 0 m _ 



Po 灼’七 >MO\r\ry i-f you 

f>i^ked 

pom*ts o\r a sli 价七 ly 
di*WW ⑼七 a^sy/CV. 


^ s - IZ s 




午 .1? meters pe\r se^o^d (Z sd) 


s 


b. 


The u^its o-f slope (mc*tc\rs pc\r sttOY\dJ a\rc -the same ds 
u^i-fcs -fov- speed - dis*ta^dc divided by 

This makes sc^sc, as c^ua*tio^ -fov- slope ot yaph is 

sdme ds y/o\rkmg ou*t dis*tair\dc dovcvcd pc\r arwouir\*t or tiw'C- 

The slope af dis*ta^dc-*tn^c ^v-aph is -the speed/ 


Tke slope ol tke 
ctistance-time 
grapk is tke speect> 
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equations and graphs 


thereiare 

)umo ( 


D 


Way back on page 112, 1 worked out Alex’s speed for 
each of the measurements we made, and it always worked 
out somewhere close to 4.17 meters per second (the answer 
I just got from the graph). So what’s the point of doing a 
graph when it just gives me close to the same answer again? 

The main reason is that by plotting the points and drawing 
a best-fit straight line, you take a better and more informed 
average of your experimental results than you'd be able to 
otherwise. The speed you got from doing the graph is more 
accurate than what you’d get from a single measurement. 

A graph helps you see what’s going on. If you see it, you get it. 

I got a slightly different answer from you. Is that OK? 

You probably drew a slightly different ‘best-fit’ line through 
your points. That’s fine. 



esti9ns 




But there must be an actual best-fit line? 


Yes, if you use special statistical software to draw the line, 
you always get the same answer. But you don’t have that on 
hand during an exam! 

OK. But what about Alex’s speed and the slope of the 
graph? How can you say they’re the same thing? 

Alex’s average speed is A distance divided by A time - e.g., 
meters per second. The slope of any graph is A vertical direction 
divided by A horizontal direction. 

So if you draw a graph of Alex’s distances and times with 
distance on the vertical axis and time on the horizontal axis, then 
its slope is the same as Alex’s average speed. 


You need an equation for Alex's time to give to the web guys 


You’ve used the results of your experiment to draw a distance-time graph and 
calculate its slope, which is the same as Alex’s speed. That’s fantastic! 

But the web guys need to be able to use Alex’s speed and the distance to a house 
to work out the time it takes Alex to get there. And they’re asking you for an 
equation that they can plug the distance and speed into to get the time. 


You already have an equation that involves speed, distance, and time, which you 
worked out from the units of speed: 

A distance ^__ pev 

△ time 


speed 



This gives you the average speed at which something travels between two points. 
But the equation says “speed = ’’ on the left hand side, allowing you to work out a 
speed if you know a distance and a time. What the web guys want is an equation 
that says “A time = ’’ on the left hand side, so they can work out a time from the 
map distance and Alex’s speed. 

How are you going to get an equation that the web guys can use? 
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rearrangin , an equation 


Design 

Carry out 

Look at 

Plot results 

Calculate 

Rearrange 

experiment 

experiment 

results 

on graph 

slope 

equation 


Rearrange the equation to say n Atimc 55 something 11 

If you have an equation where the thing you want isn’t on the left hand side all by itself, 
you’ll have to rearrange the equation so that it is. 


The top thing to remember when rearranging equations is that you must do the same thing 
to each term on both sides of the equation or else the two sides won’t be equal (or balance 
anymore. The huge advantage of this is that you don’t have to remember lots and lots of 
equations, as you can rearrange the ones you know to figure out what you need. 


You can rearrange your equation to say “A time = something” like this: 



A is s)io\rb -for 

I Vs 

a 6^ttY lettev 
called 'delta’. 


t 一 

dis-ta^c, you cmly y\ttd 
OMS whidh you 

Already k^ow (-Pvorw 

the u^its o( speed). 


At the moment you’re dividing by A time. You want an equation that says 
‘A time = something.” So multiply both sides by A time to get it off the bottom. 


❺ 


jnPL fwk 

\ ^ Ik … V 

A time x speed 

— 

A distance 


You now have A time where you want it, but at the moment it’s being 
multiplied by speed. So divide both sides by speed to sort that out. 



o 




A time 




A distance 
speed 


|-f youVc addnr>5 ov 
七 hats a >wiiolc Y\t^i itrvtx 
you Y\ttd bo add/sub*tvad*t -fv-om 
eddii side. 

1( youVc rwuliiply'mg or 
divid'm^ you y\ttA {jo do 
the same th'mg -fco eddh 
TBRM or\ both sides. 


Wken you rearrange 
an equation, always 
make sure you cto tke 
same tiring to eack side 
so tkat tke eejuation 

remains BALANCED 



An equation that says ’’A time = something” that you can use for the 
Break Neck website. Sorted! 
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equations and graphs 



Wken you 
rearrange an 
equation, skow 
your work … 



At the moment you’re dividing by A time. You want an equation that says 
“A time = something.” So multiply both sides by A time to get it off the bottom. 


/Multiply 
both sides 

by A time. 


A time x speed 

A time x speed 


❹ 


1 


A distance x A time 



A time 


A distance x 



These A times 

divide out. 




A time : 

cspeed ) 

— 

A distance 


You now have A time where you want it, but at the moment it’s being multiplied 
by speed. So divide both sides by speed to sort that out. 



A time x speed 


speed 


A time x 


These speeds 
divide out. 


o 


A distance 
speed 


Divide 

both sides 


^ b y s M. 

A distance 


speed 


Y I 

It 

/K 





A distance 

A time 

— 

speed 


An equation that says “A time = something” that you can use for the 
Break Neck website. 
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math matters to physics 



But this is physics, right, not math. I'm 
not too hot on all that equation rearranging 
stuff. Can’t I just learn three equations - one for 
time, one for speed, and one for distance - so I don’t 
need to bother with the rearranging? 


Math is the main tool you use to communicate 
ideas and make predictions in physics. 

A large part of physics is understanding the physical 
principles behind things. And to an extent you’re right - you can 
do reasonably well in high school physics by understanding some 
principles and rote-learning a few equations._ 

But when you step up a level to AP PhysicMhere are ^ ^ e< \ uivaleh 七 — 六 level 

many potentially useful equations and relationships for you to 

be able to memorize them all, never mind every single way they 

can be rearranged. And you need to be able to use the principles 

to make concrete predictions - for example, the time it’ll take 

Alex to cycle a particular distance. And that has to involve math. 

This chapter is all about learning to use graphs and equations, 
two universal languages of physics. Like any language, math 
can be difficult to get used to at first. But with practice, you’ll get 
used to communicating the physics principles with it. More than 
that - as you move on, the math enables you to understand and 
visualize difficult physical principles and concepts. 


At AP level, being able to rearrange equations yourself is a must, 
so stick at it. The rewards are massive, as you’ll only need to 
learn relatively few fundamental equations, which you can then 
rearrange to get any other equation you might need. Thinking 
like a physicist isn’t about rote memorization. So hang in there 
-it will get easier! 


A 


That’s a promise! 
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In pkysics, matk is a vital tool lor making 
predictions and communicatingf principles. 







Design 


Carry out 


Look at 


Plot results 

experiment 


experiment 


results 


on graph 


Calculate 

slope 


Rearrange 

equation 


Use 

equation 


equations and graphs 


Use your equation to work out the time it 
takes Alex to reach each house 


You now have an equation that lets you predict how long it takes Alex to 
get to each of Break Neck’s potential customers! 


First, you designed and carried out an experiment. After looking at the 
results to see how spread out they were, you plotted the results on a graph, 
drew a best-fit straight line, and calculated the slope of the line to find 
Alex’s speed in terms of the change in distance and change in time. Phew! 

And you’ve just rearranged the speed equation so that 
you can put in a speed and distance to calculate the time it 
takes Alex to travel that distance at that speed: 


TiVis involves 


m some 
f *to see 

I i-f y/ha 七 tomes 
\ I ou*b sensible- 

A ’test run’ is an 


.. A distance 

A time = - - - 

speed 

So now you can do a test run with some random addresses 
to catch any potential problems before the site goes live. 


important part 
oi seeing il your 
answer’s correct. 



Use Alex’s speed (4.17 meters per second) and the equation you 
worked out to give these Break Neck customers a delivery time. 


Customer’s address 

Distance 

_ 

Calculation 

Time 

(s) 

57 Mt. Pleasant Street 

1000 



710 Ashbury 

3500 



29 Acacia Road 

5100 
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sharpen solution 



Use Alex’s speed (4.17 meters per second) and the equation you 
worked out to give these Break Neck customers a delivery time. 


Customer’s address 

Distance 

(m) 

Calculation 

Time 

(s) 

57 Mt. Pleasant Street 

1000 

A 丨. A dis-ta^c lOOO 

- speed -午 .n 

Z 午 O G sd) 

710 Ashbury 

3500 

A , A dis*tandc IfiOO 

A tir^C — , 二 m 

speed 午 .n 

(i sd) 

29 Acacia Road 

5100 

A , A dis*ta^c ^lOO 

A time - - j —— - ~7—z- 

speed 午 .n 

1110 
(?> sd) 


So you do a test ruw with the website 



... but there’s a problem. The programmers set the website up to display 
delivery times in units of minutes. Your calculation used seconds, but 
the units weren’t converted before being displayed. 

Doing tke question rigflit, tut giving 
tke wrong UNITS in your answer is 
a common，tut avoidable ， error. 
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4 HOURS for a delivery?! No way! 
I*m much faster than that. 






























equations and graphs 


Design 

Carry out 

Look at 

experiment 

experiment 

results 


Plot results 
on graph 

Calculate 

slope 

Rearrange 

equation 


CHECK 

EQUATION! 


So just convert the units, awd you're all SGt...right? 

Not so fast! Any time you think you’re ready to roll with an You’re never liniskect until 

important website (or even an answer on your exam), take 

a look from 20,000 feet away and ask yourself: Does this VOlI’VC RslcCct* ’’DoCS it SUCK^” 

SUCK? 】 • • 



rpen your pencil 



Change the units for this customer’s delivery time to minutes, then step back to see if it SUCKs. 


Customer’s address 

Time 

(s) 

Calculation 

Time 

(minutes) 

57 Mt. Pleasant Street 

240 





SIZE - Are the answers the size you're expecting? 



UNITS - Do they have units, and are they what you were asked for? 



CALCULATIONS - Did you do the math right? 



"K'ONTEXT - What are you trying to do, and is it the same as what you actually did? 
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sharpen solution 


Design 

experiment 


Carry out 
experiment 

Look at 
results 

Plot results 
on graph 

Calculate 

slope 

Rearrange 


CHECK 

EQUATION! 



Change the units for this customer’s delivery time to minutes, then step back to see if it SUCKs. 


Customer’s address 

Time 

(s) 

Calculation 

Time 

(minutes) 

57 Mt. Pleasant Street 

240 

2 • 十 0 s 二 Zt ° S 51 hOs ^ 

午 


^OhVC\rsioh 


^tbo\r 



SIZE - Are the answers the size you’re expecting? 
iVell , 午 m*mu*tcs is plausible -fo\r piz^a dclivcv-y d way 2 • 今 "O m*mu*tcs isir/ 七 , 



UNITS - Do they have units, and are they what you were asked for? 
They asked -fov- m*mu*tcs, jo*t (iVcII, do r\ov/!) 



CALCULATIONS - Did you do the math right? 


The c«\ua*tio^ I y/\ro*tc dovm v/ds 七， ， 二七 + 七 , v/hc\rc *t v/ds 

.^. tot . t'ft . took . tyfr . j . 'J - 

h^a^di ^ookmj ow m I forgot about the coom^ T_! 



"K’ONTEXT - What are you trying to do, and is it the same as what you actually did? 
Af3v-*t -from usrnj ui^i*ts ov-'uj'mally, d^d -fov-gettmj *tiic dookmg 

I *thmk *thc \rcs*t is OJs. 


Doing part ol tke problem rigkt, tken writing tke 
’interim’ answer to tkat part as your iinal answer ty 
mistake is anotlter common (and very avoidatle) error! 
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equations and graphs 


Design 

experiment 


Carry out 
experiment 


Look at 
results 


Plot results 
on graph 


Calculate 

slope 


Include the cooking time in your 
equation 

The original equation included both a delivery time and 
a cooking time. You did a fantastic job of working out the 
hard part - the delivery time - but forgot to add on the 
cooking time at the end. 

Total delivery *timc 

TVis is the -total 
dclWcvy tiw'C 
y/cbsi*bc should yvc 
-tiic ^us*tor»\C\r. 



total 



rpen your pencil 



Work out the cooking time and total delivery time for each of the orders. 


WoV"k out the ^ookm^ time 
-fv-om y/ha*t the t\\t^ tells you 


Customer’s 

address 

Distance 

(m) 

Order 

Road time 
(s) 

Road time 
(min) 

Cooking 

time 

(min) 

Delivery 

time 

(min) 

57 Mt. 
Pleasant 
Street 

1000 

1 Italian 

240 

4 



710 Ashbury 

3503 

2 deep pan 

840 




29 Acacia 
Road 

5100 

1 Italian 

1 deep pan 

1220 
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another solution 


Design 


Carry out 


Look at 


Plot results 

experiment 


experiment 


results 


on graph 


Calculate 

slope 


「 ^H^rpen your pencil 

Solution 



Work out the cooking time and total delivery time for each of the orders. 


Customer’s 

address 

Distance 

(m) 

Order 

Road time 
(s) 

Road time 
(min) 

Cooking 

time 

(min) 

Delivery 

time 

(min) 

57 Mt. 

Pleasant St. 

1000 

1 Italian 

240 

4 

10 

1 午 

710 Ashbury 

3500 

2 deep pan 

840 

1 午 

IZ 

n 

29 Acacia 
Road 

5100 

1 Italian 

1 deep pan 

1220 

2-0 m 2-0 s 

IZ 

H m 2-0 s 


This a^sv/ev wo\rks ou*t at mmutcs. The 匕 tio 灼 a*t the c 灼 d is a third o*f a minute, 

is 2-0 seconds (^o*t H sttoy\ds). Do〆 七 -fov-jet *tha*t *thcv-C Brt ^>0 sctoY\ds \y\ a 
於 。七 lOO), so you v\ced *to 匕 oirwc\r 七 the -fv-a^tio^ o? a m'mu-tc 'm*to sctoY\ds a*t *thc tY\d- 


The freak Neck website goes live, 
and the customers love it! 

You’ve done it! Break Neck have a shiny new website 
thanks to your experiment, graph, equation, and 
units conversion. Every time a customer makes an 
order, they’re given a delivery time that they can plan 
their evening around. 

The customers are delighted, and word’s starting to 
get around. Alex is pleased too. He’s getting more tips 
and has nearly saved up enough for the new myPod 
he has his eye on. 


This new website is way 
cool. I can plan my evenings 
knowing exactly when my 
orders gonna arrive. 
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equations and graphs 


A few weeks later, you hear from freak Neck again 


Most of the pizzas are still arriving on time ... but some of the 
pizzas are late, and the customers are starting to get impatient 
with Break Neck. The worst thing that could happen would 




be customers switching to one of Break Neck’s competitors 
because of a bug in the website. 

So Break Neck has asked you to come back on a new contract 
to see if you can work out what the problem is. 


Break Neck used to be great, 
but tonight my pizza was late, 
and I missed the end of my favorite 
show when I was answering the door. 
If they don’t improve, ril have to find 
a new pizza place... 




i/ITE! 


Ofi time. 


ttm 七 : 郎 … Al^- , 

lVKa*t Kavc TKcvc^ 

some uir>dcv- Kcv-c *to jo*t doy/r> 

some ideas bc-fovc you ask 


on time. 





But why are only some pizzas now arriving 
late when the rest are still arriving on time? 
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alex’s adventure 



o 


I got stuck at a couple 
of new stop lights. All the 
ones in this town hold you for two 
minutes. I went at my normal 
speed the rest of the time. 



s 士 op light eoo m 



£*tof 1 吵七 1)00 m 

*m*to vou*tc- 



/\lc% is s*tudk 
-po\r Z mmu*tcs 

a 七 eadh 1吵七. 



丁 hihk abou-t what 
this y/ill look like 
Oh the g\raph. 
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equations and graphs 


A graph lets you see the difference the stop lights made 

If you can see the difference the stop lights made to Alex’s 
journey, you’re more likely to be able to work out what to do about it. 


The line already on the graph represents what we expected Alex to do - travel at a constant 
speed without stopping, so he reaches the house in four minutes. 

Draw Alex’s actual journey (which he describes over there on page 136) on the graph to show 
and compare the difference that the stop lights made. 
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sharpen solution 
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The line already on the graph represents what we expected Alex to do - travel at a constant 
speed without stopping, so he reaches the house in four minutes. 

Draw Alex’s actual journey (which he describes over there on page 136) on the graph to show 
and compare the difference that the stop lights made. 


Distance traveled 



Plo*t o\ dis*ta^dc vs. -time -fov- la*tc ddivcv-y 


l-f he’s s*topfcd, 灼 

his speed is ZJt^rO) Bv\d 
the slope o-f the 
distawc — time yaph is 


zjtro- 


he’s ho 七 s-fcopped ； 

七 k SLOPES o-f the 
two disiair^e — 七 ime 
yaphs a 代 E)<ACTL/ 
THE as Alex 
always joes at the same 
speed v/he^ he’s dydlmc 


S*bofS TOV" 2- 

mmu 七 es, {\\tv\ \\\s 
dis-ta^c docs^t 

^0\AY\i tlW'C- 


7 


8 


9 


10 


Time 

f*T I ■ ■ ■ 




It’s easy to tell wken sometliingf’s sitting still，as tke 
slope ol its distance-time g[rapk is zero (or a flat line). 
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equations and graphs 


The stop lights change Alex's average speed 

The average speed for a trip is the constant speed at which you could have traveled 
to cover the same total distance in the same total time. So Alex’s average speed is the 
slope of a line between his start and end points on his distance-time graph since the 
slope of a distance-time graph is the speed. 



a. Draw a line on the graph to represent Alex’s average speed. 

b. Calculate Alex’s average speed for the delivery in meters per second 
(show your work down the side). 


c. Does Alex ever actually travel at his average speed? 



-fov pav-t b v/ov-k. 


Spade (or pav-t t a^sv/e\r- 
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sharpen solution 


(^Jterpen your pencil 

Solution 


a. Draw a line on the graph to represent Alex’s average speed. 

b. Calculate Alex’s average speed for the delivery in meters per second 
(show your work down the side). 

c. Does Alex ever actually travel at his average speed? 


Distance traveled 


Plo*t o( dis*ta^c vs. -time -fo\r 

Alc^s laic dclivcv-y 



-fov pav-t b wov-k. 

Choose po*m*t / *to be s*ta\rt 

po'm*t 2- 

i ( O mm , O n\ ) 

( Q mm , IOOO m ) 


speed 


A dis*ta^c 
A tlW'C 

1000 m 


— « mm 

— mc*bc\rs pev- mm 

Bu 七 was asked -fo\r speed m 
mc*tc\rs pev- sttOY\d : 

mc*tc\rs 


mm 


m〆 mrtc\rs • I jjvirr 
IVy —:— 乂 -rf— 

oO s 

Z O^ meie\rs pev sedemd sd) 


Spa^e -Pov" pav"t t a^sv/ev"- 

He 灼 ever *t\ravds a*t -the avcv-ajc 
speed -fov a^y si—*fida 灼七 lentil 
o( *time (•bhoujh he mus*t b\ric-fly 
30 a*t i*t as speeds up/slows 
Ao>ny\ -fov- 


Witk an AVERAGE speed ， it’s 

tke dkanges in total distance anct 
total time tkat are important. 
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equations and graphs 


Add ow two minutes per stop light 4 -、 丁丄 ， 

1 I ^ \ Tvy'm^ to do somctnm^ 

to give the customer a maximum delivery timet y/i*tK aveva^c speed 

v/,|| be boo diHidul 七 a 七 


So you - and Alex - have reached the end of the road. You realized 
that the stop lights slow him down. But you were able to get the 
online map to consider the number of stop lights on his route when 
giving the customer a maximum delivery time. 

If the lights are red, that’s OK because you planned for that to 
happen. If the lights are green, and Alex isn’t slowed down, then 
the pizza arrives early, and the customer is still happy. 


•tKis s-ta^C ； -tills IS sirmplcv-. 

, r 

m physids, simplcv is 
usually dcaw - airtd ； 
thcvc-Povc! bettev/ 


• ft 


the customers are extremely happy.. 




IH# NrwJind lr 


^pfk Ka jjh 




兑 • 私 zj hml — 二 


oreaif q 挪 


H PttZ 麟 


jus! In tinie 


Ybyr order will be ready in 1 8 max. 




The I 午 m'muics you dakulaied 
bc-fovc plus up *to Z nr»mu*tcs 
(or cadh o-P the Z s-fcop lights. 


t ft 


and you're iwvited to the Pizza Party 

■ ‘ 
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understanding is better 



So this chapters confirmed 
what I knew already. Physics is all about 
memorizing equations, then hoping you 
remember them when you need to. 


If you understand physics，you 
don’t have to memorize equations! 

Physics isn’t about learning equations. Physics is 
fundamentally about the world around you. 


匕 ~'TVrnk like 
a physi^is-t/ 


When you’re trying to work stuff out with physics, 
it usually involves making measurements, then 
drawing graphs and/or writing down equations 
that show you how varying one thing (like the 
distance to a house) changes something else (like 
the delivery time for a pizza). 

Yes, there’ll be some equations that you’ll have to 
learn to get by - but only a few. Most of the ones 
in this book are equations that you can work out 
from the general physics principles you’re 
learning. Remember - put yourself into the heart 
of the problem, then use what you already know! 
Use your intuition and graphs to see whether you 
expect something to get bigger or smaller when 
you change another thing. 


In pkysics, memorizing ； is tke 
opposite ol uncterstancting；! 

M you see it ，you get it! 
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equations and graphs 




A horizontal 
direction 


slope： A vcvtidal 

div*cd*tio^ is bi^cv* 七 ha 的 

A hovizjorrtal div*Cd*tio^ 


A horizontal 
direction 





I guess there are a few equations that are kind of 
common sense, so you don’t need to memorize them 
if you just think about where they come from? 



you da 灼 

v-cav*v-ar>^c i*t *to 
yt what you wa 灼七. 


You already knew the two equations 
you’ve used in this chapter! 

The first equation you used was: 

mCtCV-S 

, A distance ^ ^ p^v- 

speed = ——- — :---- 

A time sedo^a 


But that was something you already knew! Every 
time you say something has a speed of “70 miles per hour, 
you’re quoting units that you can use to write down that 
equation straight out of your head! 


5 ? 


The second equation you used was: 

A vertical direction 


slope 


A horizontal direction 


But you already knew that one too! Steep hills have 
big slopes. So you can use your intuition to work out 
that A vertical must be on the top of the fraction so that 
you get a big value for a big slope. 


O 




m 


A steep kill 
lias a hig slope. 


Small slope： A vcvtidal 

div*Cd*tio^ is smallcv* 的 

A hov-izo^-tal div-Cd*tio^. 


uojlo 0J!p 
leor0>< 



UO!1O0J!P 
leoroA V 
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graph v. equation 


Fireside Chats 



Tonight’s talk ： Graph and Equation debate who’s best at 
getting the point across. 


Graph Equation 

You’ve heard it said - “A picture speaks 1000 words，’’ 
and “If you see it, you get it.’’ Which kinda makes 
me wonder - what on earth are you doing here in 
my chapter, Equation? 

Well, that’s a nice way to draw me into the 
conversation considering the chapter title actually 
names me first - “equations and graphs,” it says 
there. 

Obviously one that got past the editor! I mean, in a 
chapter that’s mostly about visualizing things, what 
role do you have to play? 

I’m just a different way of visualizing things. With 
me, it’s easy to see, at a glance, when two things are 
equal to each other - you can’t do that. 

But with me, you can see how two things relate to 
each other-how one thing responds when the other 
thing changes. 

But I can do that too. All you need to do is think 
what’ll happen to the stuff on the other side of the 
equation when you change the value of one of the 
variables. 

Huh? Variables, which you have to look up before 
you make any sense whatsoever! All those symbols 
and letters, whereas I’m easily accessible from the 
start! 


I disagree- you only make sense once someone’s 
gotten used to working with graphs! Anything 
strange can become familiar if you use it a lot. 
Once you’re used to my kind of shorthand, you’ll 
be able to use it to convey a lot of information in a 
very small space and short amount of time. 
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equations and graphs 


Graph Equation 

And random letters are easy to get used to, are they? 

They’re not random, actually. Physicists always 
choose the same letter to mean the same one thing 
in equations. So once you’ve learned the lingo, it’s 
not as hard as you make it out to be. 

But can you do slopes?! Can you display 
experimental results? Do people plant little kisses on 
you, like this X ? In short, are you loved? 

Has it ever occurred to you that a graph and an 
equation are just different ways of saying these 
same things? 

Uhhhhh - how do you mean? 

Take that distance-time graph from earlier on in the 
chapter. It’s the same as the equation 
△distance = speed x Atime except drawn out. (But 
it’s not as long-winded!) 

I think not! I have a slope, and you have ... well, you 
have nothing of great interest. 

Oh, but this equation tells you all about the slope of 
the graph. You have to work out your slope using an 
equation in the first place, don’t you? And if you’ve 
plotted a distance-time graph, then it’s the same 
equation as I already said. 

No, it’s not! The slope is A vertical direction divided 
by A horizontal direction, and there’s no division 
sign in your equation! 

Ah, but equations can be rearranged to give you 
anything you want (as long as it was in or related to 
the equation in the first place). 

Well, I guess you might just be a teeny bit more 
versatile. But I’m still the best for visualizing things! 


I’m not denying that -just pointing out that I’m not 
entirely useless, you know! 
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Question Cliwic: The "Pid you do what they asked you" Question 






Some questions will give you one unit (like minutes) - but 
ask for your answer in another unit (like seconds). And some questions have 
some harder intermediate steps before a more simple step to give the final 
answer. Always check that you’ve done what they asked you! Otherwise you’ll 
lose credit for 'little* mistakes on questions that you mostly did right! 


This dis-t^^c is wvrtten 
wo\rds \raihcv- 
-fijuvcs, v/hidh makes *rt 
mo\rc di-f-Piduli "to spo-t/ 


TKis c^uCstiov> doy>*tams 
七 y/o \AY\\h 

o( dis*tar^e. 


H also dorrtdms -two 
diWev " ⑶七 u^i*ts of 


2 A runner jogs 抝 a 400nitrack, | 

the 触 

he passes the finish line every 90 secon^s^r 
this P he does four more laps in 75secondseac . 

How far does he run in the first 
his training session? 

If he started his training session at 
what time does he finish at? 

If he takes the bus home, how far has he run 

in total that day? 


a. 


b_ 


c_ 


Ar\d heres yei 
dmoihev' u^i*t 
of time. 


By *thc time you’ve done 

ihe whole <\ucs*tio^, have you 
dbou*b *thc I km he 
\o<\(xcd *to <\c*t *to *thc tv-a^k *m 
the -f iv-st —? 


*to -f'mish off v/iih! 


The first type of ''Did you do what 
they asked you?” question is there to make sure 
you think about the physics (and units) involved rather 
than just plugging numbers into a formula. The other 
type makes sure you read the whole question and can 
follow things through to the very end. 




































equations and graphs 









Time 


Speed 


Graph 


Equation 


Slope 


A length; tne numoer of meters (or miles，or so forth) you 
cover when you take a particular route between two points. 

How long something takes; how many seconds (or minutes, and 
so on) that elapse between two moments you’re interested in. 

How fast something’s going - the rate of change of distance 
with time. 

A visual representation of how two variables depend on 
each other. 

A mathematical representation of how variables depend 
on each other. 


The steepness of a graph; the change in the vertical 
direction divided by the change in the horizontal direction. 
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physics toolbox 



Your Physics Toolbox 




You’ve got Chapter 4 under your belt ， 
and you’ve added some terminology and 
answer-checking skills to your toolbox. 


Po diY\ 

f[Y\ cables you *to 

out *tv/o variables depend oy\ 
eaA o-tlicv - like d'is-tair\dc av\d 
-time *m this Aaftev. 


Dv^ly/ a 

A 3^aph visually shows you how two 
vaHabl « ^latc io eadh othev-. 

\Vll usually waht-to khow how 
sor^cthihj varies as time goes ok>. 

ALWA/S put time oh "the 

hovizoh-tal axis o-p youv- graph. 


TWmk about cvvovs 

TV, m k about souses fW 
cv-v-ov- at tv>c dcs\^ stay. 

Redude errors 

^lay>^y>5 a^ad. 

Kedude v-av^dom cvv-o^rs 

multiple mcasuvemc^ ^d 

aveva^ (此吖 wa ^ cmdt 7 


Tlic slo^c o-f d 

You ddh use *thc C^uatlOh 

A vcvti^al dircd*tioh 
' A horizjorrt^l div-cd*tioh 

*bo donaparc *thc *bwo variables you vc 
plotted oh your yaph bo eddh o*thcv. 


Ra-tes ^v\d slopes 

l/\/he^ you’ve plotted alo^^ {ht 
hovizx) 山 I a%is, i\\t slope o-f i\\t 
yaph ^ives you *b^c va*tc 3*t 
variable oy\ "t^c 

y/rth t»^c. 

So i\\t slope <Jc a dista^dc - 

yaph ^ives you *t^c speed, 3s speed is 

vatc of cMa^t of dista^dc 叫杯 time. 


l/Vo\rk out ah c^uaiioh 

C^uatioh shows you how vaHables 
relate -to cadh othc\r mathematically. 

Wsc the same letter ^ the same 

o*P "thihj, C J .； *t -fo\r 3 "time. 

Use s ^sdHpts io ^fwcht di*fWht 
thihgs £hc same X like you did 


Rcavva^c ^ouv e'uat’o 扒 

iKe e^o, 7- ^ 

variable you v/a^ to out ^ .ts 

一 i 多 a 呼 7 歧 — ^ 

Make ⑽ v ⑽ aUy do 如 _ 栋 ，^ 二如 

^ 二 IV 。丄产—“坤 baUted _ 

v/ov*k a*t all. 


^rnpr^nr 
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5 deeding WitK directions 





參 Vectors ♦ 


f I was furious when we wound up V-^ 

[ in Luxembourg after I’d already pointed 

him in the right direction. But of course, he 
knew best. ''Were only 100 miles from Paris, dear/ 1 
Well, yes - but the way he went, we spent the first 
y day of our honeymoon stuck in the car. 

V In Luxembourd 卜 一 ^ 


Time, speed, and distance are all well and good, but you really 
need DIRECTION too if you want to get on in life. 

You now have multiple physics superpowers: You’ve mastered graphs and equations, and 
you can estimate how big your answer will be. But size isn’t everything. In this chapter, 
you’ll be learning about vectors, which give direction to your answers and help you to 
find easier shortcuts through complicated-looking problems. 


this is a new chapter 










who doesn’t like treasure? 


The treasure huwt 


It’s treasure time. You and your teammate, 
Annie, are part of a scavenger hunt. To be 
the first team to reach the prize at the end of 
the game, you have to follow four clues. 



Cluel 


Backwards and forwards, 
forwards and back 
Is immediate action your 
plan of attack? 

First ponder-then go- for 
soon you will spot 
That the target may seem 
faraway... but its not Go: 

1) 60 meters North 

2) 150 meters South 

3) 120 meters North 

4) 60 meters South 

5) 20 meters South 

6) 40 meters North 

The start of your journey is 
right by the tree, 
and continues whenceforth 
you unearth the next key. 


Yc oldc 
odke 
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vectors 




What do you think is the best 
way to guide Annie to the next 
clue as quickly as possible? 
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clue conversation 



Cluel 




s 


Backwards and forwards, 
forwards and back 
Is immediate action your 
plan of attack? 

First ponder then go for 
soon you will spot 


That the target may seem 
far … but its not Go ： 

1) 60 meters North 

2) 150 meters South 

3) 120 meters North 

4) 60 meters South 

5) 20 meters South 

6) 40 meters North 

The start ofyour journey is 
right by the tree, 
and continues whenceforth 
you unearth the next key. 




Joe: I say we just tell Annie to get going and follow the 
directions as quickly as possible! 

Mary: Hang on, the clue says to “first ponder - then go.” 

Joe: Hmmm? 

Mary: I mean, we should think first rather than rushing into it. 
The directions do seem to be a bit."uh.“ repetitive. It’s silly to do 
the same thing over and over again if we don’t have to. 


Joe: Oh yeah, I see what you mean. The first instruction sends 
us off to the North - and then the next one makes us retrace our 
steps back to the South again! 

Mary: All of the directions in the clue are either North or 
South. So we’re just running up and down the same line until 
we get to the end of the directions. 


Joe: So following the instructions exactly isn’t the quickest way 
after all. 


Mary: What if we try to imagine the directions first - that’ll be 
quicker than doing all that running backwards and forwards. So 
that’s 60 m North, then 150 m South, then ... 


Joe: Isn’t it better to sketch them out? It’ll be much easier to see 
what’s going on than trying to hold onto all these directions in 


our heads. 

Mary: I guess so - let’s get to work! 



ALWAYS start 
a skc*Uiif 


Sketckingf tilings out 
on paper leaves room 
in your train to tkink 
about pkysics. 
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vectors 


^harpen your pencil 


Your team already started a sketch of the instructions in clue 1, but they haven’t managed to finish it off yet. 

That’s your job. 

They’ve decided to represent each leg of the instructions using an arrow so that 1 cm represents 20 m. 
They’ve also decided to spread the arrows out a bit, so they aren’t all drawn on top of each other. 


Isi Z^d 午仏矸 h Hh 

leg leg leg leg leg leg 



N 

A 

5 
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sharpen solution 



Your team already started a sketch of the instructions in clue 1, but they haven’t managed to finish it off yet. 

That's your job. 

They've decided to represent each leg of the instructions using an arrow so that 1 cm represents 20 m. 
They’ve also decided to spread the arrows out a bit, so they aren’t all drawn on top of each other. 


Isi 


Zhd 




午仏 






N 
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vectors 


displacement is different from distance 


You’ve just worked out that Annie will end up very close to the tree if she follows 
the directions in the clue line by line. This illustrates the difference between 
distance and displacement. 

Distance is the actual total distance traveled. If you walk 70 m North, then 30 m 
South, you travel a total distance of 100 m .， 



TVis is jus*b a 

ur\i"ts 一 d s\z£ wi'th 
⑽ mdita 七 ion d div 私七 ion. 


But displacement is the change in position between two points regardless of 

the route you take to get there. If you walk 70 m North, then 30 m South, you This has both a s\zjc. 

wind up 40 m North of where you started. So your displacement is 40 m North.^_ ’ 3 div-cdtio^. 



a. Work out the distance Annie would travel if she followed 
the instructions in the clue exactly. 


b. Work out Annie’s displacement - the size and direction of 
the change in position between her start and finish points. 



Clue 1 


t 


Backwards and forwards, 
forwards and back 
Is immediate action your 
plan of attack? 

First ponder then go for 
soon you will spot 
That the target may seem 
f ar away … but its not Go: 

V 60 meters North 

2) 150 meters South 

3) 120 meters North 

4) 60 meters South 

5) 20 meters South 

6) 40 meters North 

The start ofyour journey is 
right by the tree, 
and continues whenceforth 
you unearth the next key. 


\ 
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sharpen solution 


(^Sharpen your pencil 

Solution 



a. Work out the distance Annie would travel if she followed 
the instructions in the clue exactly. 

Distal - t>0 + 1^0 + 110 + ^>0 + 2*0 + 午 O 

二午弓 O m 

She’d *tv~avd 午弓 O m i-f she -follov/cd ms*bru^ticms ’m 
-the due c^adtly- 

b. Work out Annie’s displacement - the size and direction of 
the change in position between her start and finish points. 

The pid*tu\rc W\{}\ -the a\r\ro>ws on i*t shows she c^ds up 
10 m South o-f y/hc\rc she s*ta\rtcd- 


■ ■ 一 r — ~~ 一 ----- 

Clue 1 

Backwards and forwards, 
forwards and back 
Is immediate action your 
plan of attack? 

Fir stponder then go for 
soon you will spot 
That the target may seem 
f ar a^ay ... but its not Go ： 

1) 60 meters North 

2) 150 meters South 

3) 120 meters North 

4) 60 meters South 

5) 20 meters South 

6) 40 meters North 
The start of your journey is 
right by the tree, 
ai ^d continues whenceforth 
you unearth the next key. 



So Annie ends up 10 m South of 
where she started! Isn’t the clue a lot of 
fuss about nothing?! 

The point of the clue is thinking before 
you act. If you set out instantly to try and 
save time, you actually end up running much 
further. 

We’ve done a lot with units in 
the past. Are the units of distance and 
displacement the same? 

Distance and displacement are both 
measured in meters (or other units of length). 


thereiare no o 

Dumb Questions 


How can distance and 
displacement be different things when 
they both have the same units? 

Displacement has a direction attached 
to it - distance doesn’t. 




Doesn’t a direction have units too? 


No. North, South, left, right, horizontal, 
vertical... etc. None of them have units. 


^| u e is a disflatcw'C^'t - v/rt>> a 
SlZt ar^d a PIRtCTlON- 


OK, I think I’m getting it now. 
Distance and displacement are different 
because distance is just a size - but with 
displacement there’s also a direction. 

That’s right... and we’re just getting to 
that now. 


Distance kas a size. 

Displacement lias a size 
and a direction. 
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vectors 


distance is a scalar; 
displacement is a vector 

Distance is an example of a scalar 

quantity in physics. Scalars only have a 
size, like 10 meters. 

Displacement is an example of a 
vector quantity in physics. 

Vectors have a size and a direction, for 
instance 10 meters South. 


The instructions in the clue are all 
vectors, as they have a size and a 
direction. The route you take to get to 
the next clue isn’t important - all you’re 
really interested in is the change in 
position between the start and end points. 



0 


0 



Scalars only Vectors liave a SIZE 

kave a SIZE. anct a DIRECTION. 


You can represent vectors using arrows 

You can represent a vector quantity using an arrow, 
where the length of the arrow is proportional to the 
vector’s size, and the arrow points in the vector’s direction. 

You already did this when you were solving the clue. 

You also intuitively added the vectors correctly, lining them 
up “nose-to-tail” by putting the tail of the next vector by 
the nose of the previous one. 


If the vectors all lie along a straight line (like the ones 
here) it can be confusing just to draw them all on top of 
each other. It’s easy to lose track of where you are. So 
sometimes it’s appropriate to line them up next to each 
other (like you already did) with the understanding that 
they’re actually all on top of each other. 


You can adet vector arrows ty 
lining tkem up "nose-to-tail •” 


Lmc u\> vct*tov- 
avvov/s w y\osc—*to-" 
iaiV* bo add 七一 . 


Mtcbor avv-ov/s 

OY \ "top O-f 




£ 

s 


Stav+ 


Pmish 




..so 

spy-cad 
从⑽ ou*t 
a bi 七 . 

o-f 

av-vov/ »s 
pv*o\>ov-t»oir\aI *to 
s'izjC vct*tov-. 


-£ 





■ I 




£ 


A 


Pmish 



^vv*o>w fo'nr\*ts 
•m 

<Jc vct*tov-. 
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add 'em up 



So when we add the 
vectors up nose-to-tail, 
does it matter which 
order we do it in? 


Nope. The only thing that matters 
is adding vectors “nose-to-tai ■■” 

When you’re adding vectors together, you 
should always line them up “nose to tail.” This 
is what’s important - it doesn’t matter which 
order you add the vectors in. 

Practically speaking, it might be easier to add 
together all the Norths first, then all the Souths, 
since the overall displacement is still the same. 


Bsch o( the 
ihS-tvudtiohS ih 
due is a 


vc^*to\rs \y\ 
ovdev- -they 
jivci^ *m -the due. 


Actcting tke 
vectors in 

AMY ORDER 

will result 
in tke 


same 



Overall 



i- 


i- 


£ 

5 




£ 


r 


S 


S*ta\rt 


£ 


£ 


_ 



Add'\Y\^ all 

dll Sou*ths. 


4- 


J- 


Fmish 


overall 

displacement. 


You jrt ssme 
overall displa 匕 cmeirrt 
v/ha*tcvc\r o\rdc\r you 
ddd vcd*to\rs *m. 


I 

I 

L 
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vectors 


Why take all that time to 
draw the vector arrows? If 
Tm adding them, can’t I do 
it faster using math?! 


You can add vectors quickly using math. 

If you go 60 m North, and then 60 m South, your 
displacement is zero since you’re back where you started. 

North and South are opposite directions - so you can use 
opposite signs to represent them mathematically. Suppose 
you decide that traveling North is positive, and traveling 
South is negative. So 60 m North, then 60 m South is a 
displacement of 60 - 60 = 0 m (or 60 + -60 = 0). 


When you were working out the displacement, you might 
already have intuitively done something like this (by making 
North the positive direction), like 60 - 150 + 120- 60- 20 
+ 40 = -10 m, which is the same as 10 m South of where 
you started. Or you may have added together all the Norths, 
then all the Souths, like the vector diagram on the other 
page. 



TKis OML-Y v/ovks i-f you iiavc 

You can use opposite signs 

to mean opposite Jirections . a^d so Uiw 


ihereictre no ^ 

Dumb Questions 


If vectors add “nose-to-tail,” then 
how do scalars add? 

The same way they always have - you 
just add the numbers together. 

Are there any other vector 
quantities apart from displacement? 

Yes - well meet some others soon ... 


Don’t you need to define a starting 
point before you add your vectors? 

Yes, that’s right. Sometimes there’ll 
be an obvious starting point - like a tree! 
Sometimes you’ll need to define one. For 
example, if you’re describing heights, it’s 
conventional to make 0 m equal to sea level 
and measure everything else in reference 
to that. 


How do you decide which way is 
positive and which way is negative? 

It's up to you - as long as you choose a 
direction and stick with it, the math will work 
out the same. If you make North positive 
and your answer is -10 m, it means 10 m 
South. And if you make South positive and 
get the answer 10 m, that means 10 m South 
as well. You just need to remember how to 
interpret the sign of your answer at the end. 
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clue number two 


You found the wext clue 


■fei _ ^ 〗 

""I’ ^ .\m 


Clue 2 


And nowyouve unearthedyour 
next set of directions 
Watch the impediment in the 
next section 

Do not be swamped by the 
hurdle you see 

You just need to get from point A 
to pointB 

Go 700 m East then 1100 m North 
To find the next clue in the 
obstacle course. 



Put there's a problem 



All that lies to 
the East is a swamp. 
I can’t possibly go 
that way. 
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vectors 



(^j^rpen your pencil 


a. Draw the instructions from the clue on 
the map using vector arrows. 

b. "Do not be swamped” is an important part 
of the clue. Write down your ideas about 
how you might achieve this. 
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sharpen solution 



a. Draw the instructions from the clue on 
the map using vector arrows. 

b. "Do not be swamped” is an important part 
of the clue. Write down your ideas about 
how you might achieve this. 

… .七 h • 卽 . Kpirth A s . .i.w'.possilDilc because 
of -the. swamp- Bu.i.y.ou (an jc-t. *to 
the same pladc by 1(00 m Ko\r*tJK, 
lOO m East — you -follov/ *tiic 

ms*brud*ticms cithev- v/ay d\rou 灼 d. 


N 



^ocs tWoujh *thc swamp. 


You caw add vectors 
m awy order 

Even when vectors aren’t pointing 
along the same line, you can still 
add them together by lining them 
up “nose-to-tail.” 

Whichever order you add them in, 
you always end up with the same 
difference in position between the 
start and finish points. 

So you can send Annie 1100m 
North first, then 700 m East. 

This way, she’ll find the next clue 
without getting swamped. 
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vectors 


tliereiare ng o 

Dumb Questi9ns 


So you’re saying that even 
if I have hundreds of vectors, it 
doesn’t matter what order I add 
them in? 

Exactly! As long as you line 
the vectors up “nose-to-tail,” you’ll 
always end up with the same 
resultant vector at the end. 

Wait, what’s a resultant 
vector?! 

It’s just another way of saying 
"answer vector." A resultant vector is 
what you get when you add together 
other vectors. 

So if I add together vectors, 
do I always get a resultant vector 
as my answer? 

Yes. If you’re adding vectors, 
your answer must also be a vector. 

Can a vector equal zero? Is 
that still a vector? 

Yep, in the context of vector 
addition, you get a special vector 
called the "zero vector ■” 


It’s OK to use a different 
sign for two directions when 
they’re total opposites, like North 
and South, isn’t it? But what about 
when they’re not opposites - like 
North and East in this clue. How 
do I add the vectors using math 
then? 

Great question - and something 
you'll learn all about in chapter 9. 


Wken you add 
vectors togetker, 
your answer can 
te called tire 
resultant vector. 


BULLET POINTS - 

■ Scalars have size. Distance is 
an example of a scalar. 

■ Vectors have both size and 
direction. Displacement is an 
example of a vector. 

■ You can represent vectors 
using arrows. 

■ The length of a vector arrow 
is equal to the size of the 
distance. 

■ The direction of a vector 
arrow is equal to direction of 
movement. 

■ You add vectors by lining them 
up “nose-to-tail” and following 
the arrows from start to finish. 

■ If your vectors all lie along a 
straight line, you can add them 
quickly using math by defining 
one direction as positive and 
the other direction as negative. 

■ If your vectors point in different 
directions, you can still add 
them by lining them up nose-to- 
tail, and following the arrows. 

■ You can add vectors in any 
order regardless of which 
direction they point in. 
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onto clue three 


I o(^e treasure mappc 
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/Wc 50CS *tw»s 叫 

- y\o fvoblcw! 


Tide’s a boat 
oy \ 七 he shov-c 


tlllllllllM IIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIMIIIIIIIIIIMIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIMIIf 


100 m Basi 


WOO m 

No\rtli 
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vectors 


Well dowe - youVe found the third clue! 


And along with the third clue at the 
shore of the lake is a motor boat. 
There’s a problem though - the clue 
has a lot of numbers and technical 
jargon in it. 

To pick your way through it, first, 
work out what you’re supposed to 
do. Once that’s clear, think about 
how you might do it. 

First what, then how. 



(^H^rpen your pencil 


Think - first what, then how. 


Underline the parts of the clue that give you the "what/ 
then use your own words to write down what you’re 
supposed to do - and also how you might do it. 








Clue 3 

Now thatyoure traveling on 
the high seas, setyour course 
to the bearing 330 degrees. 
Start from East and turn 
counter-clock. Then 4x100 m r 
and thereye can dock. 

Yer treasure lies20 leagues 
down - doritbe late, speed 
on to clue 4 - and some 
pieces of 8. 
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Question Cliwic: The "Wheat from the chaff" Question 




Sometimes a question will have a lot of unfamiliar words or 


jargon in it. Don’t panic! Often a complicated-looking build-up leads into a 
straightforward question to test your ability to sort out the stuff that actually 
matters. The question may give you more information than you need to actually solve 
the problem, so don’t worry if you don’t use everything you re given. 



Pavts o( do^ia'm 

ivvclcva^*t m-foVma*tiov> 3ir>d 
v/o\rds. VoY^i \ti i\\ai s 七代 ss you oia 七 
ov make you -tK'mk you da^*t do i*t- 


due 3 ^ 

Now that you're traveling 

to cll^4 - and some pieces^! 8. X 


sorwc 

v-devaht 

ih-Po\rrwo|-tioh^ 


/\s lor >5 as you sovt 
ou 七 the v/hea 七 -Pvom 
the dha-P-P - ov- the 
imfo\rta^*t 'm-po\rma*tio^ 
-p\rom *thc iv-\rclcva^*t 
padding - you II be -P'mc- 


Some-times -thcv-cll be 
a I'mc bv-cak m 七 he 
middle of somcthrnj 
v-clcvar^t Dojt /七 Irt 
七 1 ^七 pu-t you off! 


ttcv-c av-c some r^urwbev-s -tha-t 
you dor/t actually r^ccd io use 
七 0 youv- 3r\svjcr. 


(or 
divc^tion as 
y/dl ds sizjt- 


First what - then how! Start off by 
looking at the end of the question to see what youre 
actually being asked. Sometimes extra numbers or 
information are included in a simple factual question to 
test your understanding of the physics. 

























Look out for questions 
on 'hard topics* (like particle 
physics) that you don’t think you 
know much about. Often they're 
just questions about simpler stuff 
disguised to make them look 
'difficult/ You may already know how 
to do them, so doiVt get psyched 
out at the start. 


0 

o 



po^*t v/ovvy i-f you vc 

d lot 3bou*t 3^lcs. 
Wlc’ll sytr\A d 3 oMtr 

-row P 



Q 


i^J^rpen your pencil 

Solution 


Think - first what, then how. 


Underline the parts of the clue that give you the "what,” 
then use your own words to write down what you’re 
supposed to do - and also how you might do it. 






Clue 3 

Now that you’re traveling on 
the high seas, setyour course 
to the bearing 330 degrees . 
Start from East and turn 
counter-clock. Then 4x100 m. 
and thereye can dock. 

Yer treasure lies 20 leagues 
down - don't be late, speed 
on to clue 4 - and some 
pieces of 8. 




一于 X lOO m is \OQ m 
A bcavmj °P>0 decrees sounds like d^le- 
Measure i*t 匕。 - do 匕 kv/ise -fv-om East 
WOW — P\ro*tv"ad*to\r measures 1>Z0° douir\*tcv-—dlodkv/isc 
-fvom Bss-i, 3r\d d \rulc\r plus -the 

Sddle OY\ -the mdf measures "the ^00 m. 




First WHAT- tken HOW! 






















practical protractor information 


Angles measure rotations 

Angles measure rotations, how far you have to rotate 
a line so that it lies on top of another line. 

You’ve probably already come across a common way 
of measuring angles - in degrees (symbol: °). 

You measure angles with a protractor. It’s marked 
off in degrees, so you can line it up and read off the 
size of the angle just like you would with a ruler. 


TV^is is °iO° - a vi 吵七 


like a dov-r\cv 
d a 

ahd math, 
y° u 咖 ally measure 
aisles ^ouhtev-— 
do 匕 kwisc -Pv-om the 

v-ight. 




A/]avk {}\t a^lc 
^ — 3ir\ 尹 c 匕 . 



Use B pv-o*t\rad*tov 

*to measure a^lcs. 


|w>d5'me yotatmj tWis I'mc 

av-our^d i\\t fo'm-t 

•bv^cy meet SO rt lies cm *tof 

Jc 七 he oi\\tr ok\C. 


An angle that comes up a lot in physics is the 
right-angle, which is 90°. It’s a quarter of a 
revolution, and it’s the angle you find in the corners 
of a rectangle. So you see right-angles everywhere 
you go - between the ground and anything standing 
on it (chair, table, building, and so forth). 



Half a revolution is 180°, and it’s called a straight 
angle. So anything that does a U-turn to go in the 
opposite direction has rotated 180°. It looks like a 
straight line. 


d-ivtlc 

90 。 = a rigfkt angle 
180° = kaliway around 
360 o = a lull revolution 
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There are 360° in a complete revolution - if you 
go all the way around, so the line ends up back on 
top of itself, that’s an angle of 360°. 



90° is the only 
one we really need to 
remember - just add lots 
of 90° 's together to get the 
other angles. 














vectors 


tfiereiare no ^ 

Dumb Questions 

Why 360° in a full rotation? That seems a bit 
random. I mean - why not a nicer number like 100° or 
1000°? Doesn’t that fit in better with SI units? 

The rotation originated from ancient civilizations 
thousands of years ago. But the most practical reason is 
that 360 divides exactly by a lot of useful numbers. 

But that works just as well if there are 100 
degrees in a circle. Haifa rotation would be 50, and a 
quarter would be 25 ... 

Yes, we were just getting to that. With 360° in 
a rotation, a third of a rotation is 120°， and a sixth is 
60°. Now, try doing that with 100 degrees in a circle- 
33.33333333... degrees in a third of a rotation, anyone? 

Can you get angles bigger than 360。 if 
something keeps on going round and round? Or does 
the angle ‘reset’ itself to 0° when you get back to 
where you started? 

It depends on what you're trying to do - sometimes 
talking about the total rotation is useful; other times 
‘resetting’ the angle when you get back to the start is 
useful. 

Is an angle a scalar or a vector? 

Good question! It can be either, depending on 
whether you’re talking about the total rotation (scalar) or 
the rotation distance between the start and finish points. 

Vectors are represented by straight arrows, 
where the length is proportional to the size. But 
how do you use a straight vector arrow to give the 
direction of an angle that’s kinda curved?! 

Yes - you can’t directly represent an angle using 
a vector arrow. It's a valid question, but you don’t have 
to worry about it for the moment, as well get on to 
representing angular quantities with vector arrows in 
chapter 12. 


Now you can get on with clue 31 


You’ve worked out that you need to start off facing East, and 
rotate counter-clockwise through an angle of 330°. Once 
you’ve done that, you’ll travel 400 m in the direction you’re 
now facing to reach clue 4. 

400 m on a bearing of 330 counter-clockwise from East is 
a displacement, not a distance, as it has both a size (400 m) 
and a direction (330° counter-clockwise from the East). 

You can use an angle 
to indicate ctirection. 


/\ sia^dav-d pv-o-tva^-to'r 
measure a^jlcs up *to I 公 O . 






How can you measure an angle 
of 330° when your protractor only 
goes up to 180°? 
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work your angle 


If you cawt deal with something big. 


break it down iwto smaller parts 

If you’re measuring something with your ruler, and it’s 
too long, you can start off by measuring along as far as 
you can. Then, you can make a mark, move the ruler 
along, and measure the next part. And so on. 

The underlying principle is one that’s essential for physics 
- especially when it gets more complicated! If something’s 
too big for you to deal with it all at once, break it down 
into smaller parts that you can deal with. 


Tliihj you 

to rwcasuvc 、 

4 / 


youv vulcv 




1 I ■ I 1 

■Hi tm 


I ' I 1 I 1 


I ' I 1 

■ I ■ 


Wsc youv 
ov\tt 



I ' I 1 

_ _ 


I ^ I ■ ■ * I • I » I * I ■ i 

■ ■ 晒 ■■ 丨 ■ ■■ ■■ IB 


... mdkc 3 mavk .. 


... 七 her/use youv 
vulcv* 


There are two ways you can do this with a standard 180° 
protractor - do whatever you’re most comfortable with: 



You can use your protractor 
twice to break down the angle 


You can do exactly the same as you would 
with a ruler, and use your protractor twice. It 
goes up to 180°, so measure that far first. 

To work out how much further to go, you 
can say 330。 - 180。 = 150。， then measure 
around another 150° from where you 
stopped. 


You 

measure 

bi^cv- 
I 奶 。 by 
usm^ you\r 
pv-o*[v-a^*tov- 


You can measure your angle 
the other way around 

You can also say, “330。 is only 30° 
short of being a full 360° circle.” So 
turning 330° counterclockwise is the 
same as turning 30° clockwise. 


>u 匕 3 灼 use youv- p\ro*bra&tov 
otkCt "to measure hoy/ -fav 
av-ouhd you have b> jo m 
七 he opposiic div-cdiior>. 
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vectors 




Sharpen your protractor, follow the instructions in the clue, 
and draw Annie’s route on the lake. 









Stream 




Nowthatyou re traveling on 
the high seas, setyour course 
to the bearing 330 degrees. 
Stortfrorn East, and turn 

counter-clock. Then 4x100 m, 
and thcvcyc caw dock. 

Yer treasure lies 20 leagues 
down dontbe late, speed 
onto clue 4 and some 
pieces of 8. 


3 


\ \ \ i \ \ 


o 


loo 


zoo 


zoo 


午 00 



Sdalc* Z dm — lOO 





# 
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sharpen solution 


l i 

I o(Bc treasure mappe | 


rotractor 


RIIIIIMIIIIIIIIIMU 
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vectors 


You move onto the fourth clue... 

You got the angle right because Annie’s found a sign 
sticking out of the water with the fourth clue on it! 




A woird you’ve 
⑽七 scch yei 
this book 




You can work out what things 
are from their context. 

Sometimes an unfamiliar word comes 
up. Whether it’s completely new to you or 
something you saw once before then forgot 
about, the important thing is not to panic. 

Often you’ll be able to work out what it 
means from the context. What is the rest 
of the sentence or paragraph about? Are 
there any units mentioned? What is the 
rest of the question about? What are they 
asking you to do? 


Clue 4 

The treasure is nearJ hope 
you feel beckoned 
Wi^ velocity 1.5 m/s 
Soriead to the North for the 
time of one minute. 

Arrive in the right place and 
you U surely win it. 
Butdorityou forget you 
already know- that 
sometimesyou cannot just 
go with the flow... 



pencil_ 

See if you can work out what a velocity might be from the context. 

If you already know what a velocity is, then write down how someone 
who doesn’t could work it out from the context. 


r^l^rpen you 
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sharpen solution 


c^Jharpen your pencil_ 

Solution 

See if you can work out what a velocity might be from the context. 

If you already know what a velocity is, then write down how someone 
who doesn’t could work it out from the context! 

UNITS o-f m /Sf v/iVidi looks like mc*tc\rs divided by sc^o^ds.. 

That’s same u^i-b as speed- 

Thcv-c^s also a DIRECTION No\rtii- 

I *tlVmk vclodi*ty be d vc^*to\r version o-f speed, both a 

SIZjC SY\d d di\rc 匕 tioirv 


Jus 七 like displacement is *tKc 
vcd*tov vcvsior^ c^f dis*ta^c. 



Velocity is the Vector version' of speed 


Velocity is measured in meters per second - which is exactly the 
same units as speed. Velocity is the Vector version’ of speed - it has a 

direction as well as a size. 


Speed is a scalar - “I’m traveling at 1.5 m/s. 


?5 


Velocity is a vector - “I’m traveling North at 1.5 m/s.” 

Pivcttior\ 

So the clue is asking you to go North at 1.5 m/s for a minute. 


u 灼 i*ts 


Clue 4 

The treasure is nearJ hope 
you feel beckoned. 

With velocity 1.5 m/s 
So head to the North for the 
time of one minute. 

Arrive in the right place and 
you’ll surely win it 
Butdorityou forget you 
already know- that 
sometimes you cannot just 
go with the flow... 






Scalar 


Scalar 


Speed is rate oi ckange ol distance. 

3 Velocity is rate oi ckangfe ol ctisplacement. 

^ A • 
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vectors 


Write units using shorthand 

You’ve spotted that the units of velocity are written as m/s 
in the clue. This is a more concise way of writing meters per 
second. The V ? means ‘per’ or ‘divided by. 5 


Meters per second is the same as meters divided by seconds. 
So when you use the standard letters to abbreviate the units, 
you get m/s. 


U^rts wvitte 灼 

out m wov-ds 



meters per second 


You may also Kavc 
iiVlS vcpvcscir>*tcd as ms 一 1 
va*tV>CV *tKair> rn/s, as *tK*is 
•is v/ha 七 some touvses do. 


'divided by 



meters 

seconds 


Msc s-ta^dav-d ’ ~^ 
abbvcviatiohs. \J 

m 




So, ow to clue 4 


► m/s 

T 

Use d / ms*tcad 
d d hovizjojrrtal 
l*mc -fco save spade- 


• •• 


Now that you know that velocity is the vector 
version of speed, you tell Annie to point the boat 
North, set the controls to 1.5 m/s, and travel for 
a minute before dropping the anchor. 

But when she arrives, there’s no treasure. 



I went downstream for a 
minute like you said - but 
there's no treasure here! 







What do you think’s gone wrong? 


you are here ► 


175 














more than one velocity matters 


You need to allow for the stream's velocity too! 


Glue 3 took place entirely on a still 
lake. So when the boat was set to go 
at a certain velocity relative to the 
water, that was the velocity it went at. 



Going North from the Glue 4 sign involves 
going downstream, towards the sea. If Annie 
didn’t start the motor, the boat would move 
North with the same velocity as the stream. 



velocity 



Boat 

W\{}\ 七 he s*tvcam 



But Annie did start the motor - and 
the boat moved North with a reading 
of 1.5 m/s on its speedometer. But 
the speedometer tells you how fast the 
boat’s going relative to the water. This 
means that Annie went faster than the 
clue said she should, at 1.5 m/s plus the 
velocity of the stream. 


Vclodity -fvom bair>k 
*tKav> boa-t speedo 

Stv-cam. 

velocity ，丰 

Boa 七 


vclotV 



Add vc^*to\rs 

— *to — tail. 




If Annie had been going South, 
upstream, the boat and stream 
velocity vectors would point in 
different directions. So the overall 
velocity of the boat as seen from 
the bank would be less than the 
reading on its speedometer. Boat 

velocity 




Vclodl-ty 

-fyom IS 

less boa 七 

speedo veddm} 



St\rcarw velocity 


If the upstream current 
was really, really 
fast, the boat would 
go backwards even 
if the reading on its 
speedometer said it 
was going forwards! 


Boa 七 
velocity 







Velocity stcv\ -fv-om 
vc 。。七 y ba^k is negative (m 

opposite dire 匕七|。灼 
-fvom boat velocity). 
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vectors 


If you caw find the stream's velocity, you caw 
figure out the velocity for the boat 

It’s possible to add velocity vectors by lining them up nose-to- 
tail in the same way you added up the displacement vectors 
earlier on. 

You know that the overall velocity of the boat needs to 
be 1.5 m/s to the North. And Annie works out a way of 
measuring the velocity of the stream by dropping leaves in it. 


Now, you only need to do the calculation, send Annie on her 
way, and the treasure is yours ... 


r^l^rpen your pencil 



Clue 4 

The treasure is near, I hope 
you feel beckoned 
With velocity 1.5 m/s 
So head to the North for the 
time of one minute. 

Arrive in the right place and 
you ll surely win it 
Butdorityou forget,you 
already know-that 
sometimes you cannot just 
go with the flow... 


The boat needs to go North with an overall velocity of 1.5 m/s for a minute. 

a. If the leaves Annie throws into the stream travel 10 m North in 20 s, 
what’s the velocity of the stream? 

b. What speed should Annie set on the boat’s speedometer to solve the 
clue and find the treasure? (You may find it helpful to use vector arrows 
to visualize this.) 
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sharpen solution 


^iharpen your pencil 

Solution 


The boat needs to go North with an overall velocity of 1.5 m/s for a minute. 

a. If the leaves Annie throws into the stream travel 10 m North in 20 s, what’s the velocity of the stream? 

b. What speed should Annie set on the boat’s speedometer to solve the clue and find the treasure? (You 
may find it helpful to use vector arrows to visualize this.) 


d. Leaves *tvavcl \0 m Ko\rtli %0 s. 


Ve\ot\bf 


m time 

10. 






O .弓 m/s Ko\rth 


DispladCr»\Cir\*t — 10 r»\ tJorih 


-10 s 


b. ^[ y \ y\\c v/dirrb *to Nov-*th a*t /m/s. 

S*t\rcam will i pv-ovidc ， O ^ m/s o( *tiVis velodi*ty. 

So -the boat should Jo hloriJn a*t I 0 — m/s (\rcU*tivc ^ ^ m ^ s 
*to s*t\rcaw\). 


lVa^*t overall 
vclodi*ty 


t 


No\rth 


/ 、 〆 、 S*tvcam vdo^i*ty 

O .弓 m/s Ko\rtii 

小 

Rc<\ui\rcd boat vclodi*ty 
(\rcla*tivc *to s*t\rcam) 


l-f youVc asked (or d vcd*to\r 
'uanti 七 y, vcmcrwbcv *to yve a 
PIR6CTI0N as y/cll as a si«. 


th&rejcive no 

Dumb Questi 




A sketch makes 
cvcv-yih'mg 
deamev. 


So basically a vector is something 
I can draw as an arrow, right? 

Yes - the length of the arrow 
represents the size, and the direction of the 
arrow represents the direction. 


Tke overall velocity 
vector points in tke 
direction tke tiring’s 
currently moving in. 


ons 


I was fine with displacement, where 
the length of the arrow represents an 
ACTUAL length. But I’m kinda finding it 
hard to visualize a velocity. 

Something’s overall velocity vector 
points in the direction that it’s currently 
moving in. If it's going fast, you draw a long 
arrow, and if it's going slow, a shorter arrow. 


Right ■ so something going fast 
to the North would have a long arrow 
pointing North, and something moving 
slowly to the East would have a short 
arrow pointing East. 


A ： 


Exactly. 
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vectors 


)oafs 


I get that - but I*m still not sure about what happens when the b< 
trying to fight against a really fast current. How can the boat go backwards 
when its speedometer says ifs going forwards. 



A speedometer gives the velocity RELATIVE to the water. 
But you’re interested in the velocity RELATIVE to the bank 



Heire’s y/hat would happen 
•-f ups-tvearw 
\rcally -fast 


y/as 


So Annie goes North at 
1.0 m/s for 1 minute... 

... but doesn’t find any treasure 
this time either. 



How do you mean? Surely the boat can only have 
one velocity? 

The boat’s speedometer tells you how fast it’s going 
relative to the water. But if the water is also moving, then the 
boat’s velocity vector, as seen from the bank of the stream, 
will be different. It points in the direction that the boat is 
currently moving in. The velocity of the boat as seen from 
the bank is equal to the boat’s velocity relative to the water 
plus the water’s velocity. 




But that doesn’t make sense. 


You know the moving walkway at the airport that helps 
you travel long distances more quickly? What happens if you 
turn around and start walking in the opposite direction of the 
walkway’s motion? You start moving backwards relative to 
the rest of the building, but you’re actually moving forwards 
relative to the walkway. The walkway moves you backwards 
more quickly than you’re walking forwards. 

It’s the same with the boat and the stream. 


〆 Are we ever ) 

V gonna find it?! ) 





Annie did exactly what you asked her to, but 
it hasn’t worked out again. Any ideas why? 
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ladies & gentlemen … start your engines 


It takes the boat time to accelerate from a standing start 


Although Annie pointed the boat North and set the controls for 1.5 m/s, the boat takes time to 
get up to that speed from standing still. It takes time to accelerate from 0 m/s to 1.5 m/s. 

Annie started timing the boat before it had accelerated up to 1.5 m/s. So it didn’t go at 1.5 m/s 
for the whole minute - and didn’t go as far as it should have. 

The boat spent part of the minute accelerating from 0 m/s to 1.5 m/s . 


TKc boat ACCELERATES 

brb/cc 灼 *tKcsc *tv/o fomts. 



It’s OU you didn't 
thmk o( the boa-t 
addclcv-atmj — -this oy\c 
v/as pvciiy tv-idky/ 



ttcv-c boats 
ar\d "i*b 
vclo6*ty 0 n\/ s. 


Hc\rc its gomg 
at 1 ^ rw/s. 


pv-av/ vclo6*ty 
vct*tov* 3s av*v*ov/> 



and the rest of the minute traveling at 1.5 m/s. 


The boats vdodi-ty is ⑽ ta 灼七 
bciv/cch ihese two pomts. 



Vt\ot\bj 二 0 m/s 
Kcvc, so velocity 
Mtt-boy" is jus*t 3 dot 

If it had spent the WHOLE MINUTE traveling at 1.5 mis, it would’ve gone even further. 





TKc boat STARTS W\i\\ 

a Vclotl*ty o( I rr>/s. 


i/Viicvc *tKc boa 七 c^dcd up 
y/'i-m *tKc siari - 


Bui the -tv-casuv-c 
v/ill be licv-c mstead 


)su\rc ， 
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vectors 


How do you deal with acceleration? 

Acceleration is the rate of change of velocity - if 

something is accelerating, it means that its velocity is changing. 
Acceleration is a vector with a size and a direction. 

If the boat is going forwards, and you open up the throttle, it 
accelerates in the same direction you’re already going in. Its 
acceleration vector points forwards. 

If a boat’s going forwards, and you drop the anchor, it 
decelerates. You can think of this as acceleration in the opposite 
direction from the one it’s already traveling in, so its acceleration 
vector points backwards. 


up "the 


七 hvottle a 

little bit — 











Dv-op 



Acceleration is tke rate oi ckangfe oi velocity. 




Draw the directions of the velocity vector and acceleration vector for each of these things, 


Wc ^avc 七 he 

Mtcboy d second 
av-\roy/iicadi) so 
you tBv\ *tcll 
七 he 


showing what they’ll look 
starts to happen. 

Vclodi 


e vel( 
k like 


at the very moment when the acceleration that’s described 






The boat is traveling forwards, 
and you open up the throttle. 




The boat is drifting backwards, 
and you open up the throttle. 


av\d vclo^i*ty or 
ve^tovs. 




The boat is going forwards, and 
you drop the anchor. 


The boat is going backwards, 
and you drop the anchor. 



The duck is going from right to 
left, and it just hit the edge. 


、 v^bi，as you 

look 七 a 七 

七 1^ du^k) "tha 七 is. 

The duck is going forwards and is 
pushed by a current coming from 
the right. 



you are here ► 


181 








exercise solution 




Velocity vc^*to\r 
is Jiray. 


A^clcv-atioh ved-fcov- is bla 乙 k 

two av-\rowlicads. 

^ l 

Draw the directions of the velocity vector and acceleration vector for each of these things, showing what 
they’ll look like at the very moment when the acceleration that’s described starts to happen. 丁 ^ en g me always 


Vc\ot 


W0 


iddelev^ww 

The boat it traveling forwards, 
and you open up the throttle. 


poses — 


Vclodiiy 



The 

always opp< 

讪 aUk boa^s ^ tu \ tY ^ oy , 
duvrerrtly 

The boat is going forwards, and 
you drop the anchor. 




Vclodi-ty 


The cdjc dots 
•the same job as 
七 he a^dhov-. 


jr. 、 ncct\^atM 



The duck is going from right to 
left, and it has just hit the edge. 


Vclodi-ty 


a^^clcv-a*tcs -the boat 

VV "fovwav-ds \rcjol\rdlcss 

of ihc boats 
A^lcratio^ dum , l(y doi 


The boat is drifting backwards, 
and you open up the throttle. 

广 — ^ The makes 

the boa-t dcddcvaic 


Vclodiiy 


彎 


aclcvatio 灼 


一 i.e., adddcvaic 
•m 七 he opposite 
di\rcd"tio^ *(Vom i*ts 
du\r\rc^-t vclodi-ty. 


The boat is going backwards, 
and you drop the anchor. 



f\tCt\crBhoY\ 


^^l/dodity 


Alihoujh the dudk keeps 
ov\ Jo'mj -fo\rv/a\rds as well 
as sideways, 七 he CHANGE 
•m its vclodiiy is m 七 he 
di\rc^iior> o( 七 he push. 


The duck is going forwards and is 
pushed by a current coming from 
the right. 



Isn’t it confusing to 
represent the displacement, 
velocity, and acceleration all 
with arrows? 

It’s only confusing if you 
don’t label your sketches with 
what’s going on. 


How can the anchor 
make the boat accelerate 
when it slows it down? 

The anchor changes the 
velocity of the boat. Acceleration 
is rate of change of velocity. So 
even slowing down is still an 
acceleration. 


But wouldn’t that be a 
DEceleration then?! 

The ‘de’ means the 
acceleration and velocity are in 
opposite directions. So when 
you do math, the acceleration 
and velocity vectors will have 
opposite signs. 


Ah math, lovely. 
Shouldn’t I know the units of 
acceleration to do that? 

Acceleration is the rate of 
change of velocity. You'll work 
out the units in chapter 6; right 
now, we're just dealing with the 
concept. 
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vectors 


So if s back to the boat... 

You told Annie to start at the Glue 4 sign, set the controls for 
1.0 m/s, and go North for a minute. But because the boat 
took time to accelerate from a standing start, it didn’t go the 
whole way at 1.0 m/s, and Annie ended up in the wrong 
place. 

Now that you know that the boat’s acceleration could be a 
problem, how are you going to guide Annie to the treasure? 


— your pencil 



Can you think of how to make sure Annie ends up where the treasure is? 


Draw / write / explain / calculate in the space below. 



WcVc y \ o {, Y ou 

youll have to do - tiiaVs up *to you! 

TV md'rn is *to youv 

idea as ^Icavly as possible. 
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sharpen solution 



Can you think of how to make sure Annie ends up where the treasure is? 


Draw / write / explain / calculate in the space below. 



WcVc Y\oi you of 七 hese 
youll V^ave to do - 伙 at's uf *to youf 
TV mam 栎心 is *to c%flam youv 
idea as ^Icavly as possible. 


You do 七 his by working out •bhe D (SPLACEAlENT- 

The boat i^ccds *to -travel a*t /m/s -fov- ^>0 s *to \rca^h *tvcasu\rc- 




1^ I s, *thc boa 七 *tvavcls 1.^ m. 

So \ y \ ^>0 s, -the boa 七 "tvavcls 1.^ % ^>0 m 
So *tcll f[Y\Y\\c *to 50 m No\rbh o*f *tiie due 午 sij^. 


1^ you -Pov-yt a -formula, you II J 七 
be able *to y/ork »*t out usm^ Cor,^ 
stv\st) like *tV>*is. So <W 七 乙 . 


The pv-'mdiplc (or vdodiiy 
dhd displacement is 
c^adtly the same as (or 
speed a^d dis-ta^dc- 


Thcvc avc TWO 

v/ays you dould have 
dohe 七 his pvoble 眯 . 


You dan also do tiVis W\{\\ a Voirm<\ s-ba\rb/ 

l-f *thc boats AL-REAPy jo'mj a*t *t^C do\r\rcd*t vclo^i*ty v/hc^ i*t 
passes *thc due 午 s\o^\, *thc^ ^o'mj -fo\r d m’mutc, as pc\r *thc dlue ； 
will y/o\rk ou 七 -f mc- 


Velocity 1:1 ^ Boat has 

v-cadhcd /.^ m/s 
bc-folrc the si^K). 



Clue 4 

The treasure is near, I hope 
you feel beckoned 
With velocity 1.5 m/s 
So head to the North for the 
time of one minute 
Arrive in the right place and 
you'll surely win it 
Bui don'tyou forgetyou 
already know- that 
sometimes you canm 
go with the flow 


,S*tav" 七七 imCV 
: as boa 七 

DD ： C^jj I passes s\yr\- 


,T\rcasu\rc is 
- whc\rc boat is 
01: 00 丨 a-f*bcv-1 m’mute. 
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vectors 


So no matter which 
way we work things out, 
the answer comes out 
the same, right?? 


O 


That’s right - there may be more than 
one way of doing something. 

Sometimes there’s more than one approach to a 
problem, and each approach will lead you to the 
same answer. 

This is the case for mathematical problems where 
there are multiple equations you can use to solve 
them, or there may be a shortcut you can take 
that’ll save you time. 

This is especially true of the problems that ask 
you to design an experiment and allow you to use 
a lot of equipment to do it. There will usually be 
several different set-ups that’ll work, and it’s up to 
you to design, draw, and describe what you want 
to do. 

Like you jus 七 
did heve/ 


Problem Solving 101 ： 
Understand WHAT’s 

going on，tken work 

out HOW to cto it. 
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found it! 


I o(^e treasure mappc 
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Vector, Angle, Velocity, Acceleration - WINNER!!! 


vectors 


广 


(i 


A* 


Clue I 

p\v-c6t»oyN is *!m\>ov-tayN-b. 

p is — …恤 w 十/ 

It V>as bctv> a a，d a a^o, 

〜 伽外⑽ t o ?? os^ d *^ Ws uS * m5 
^cbor arroy/s or 

Clue Z 


Yo\a CBv\ add vcd*to\rs 七 ha 七 do^-t lie 
alohg a s-tv-aight Imc by drawih^ 
*thcw\ ou*t dhd dddih^ hose — *to — tail. J 

H doesn't ma*t*tc\r v/hidh o\rdc\r you 
add vectors m as loh^ as you Ime 
them up 'hose—-fco—*tai|/ 


cu 

卜 ^Wfs\Cs, 70U measure 
a^les tourer - 6UkW»se 

^rom i\\t V>or\«^tdl. 


Clue 午 

1/dodiiy is £hc vcd*to\r vc\rsioh ； <Jc speed. 
It has both a s\zjt ahd a di^edtioh. 

Y<>u dah add velocity ved-to^s by lih— 
them up hosc-*to-*tai|/ 

Girdul about what d vclodi-ty 
is relative u 4^ example, a boats 
velodity dould be \rdativc -to the s£^cam 
ov- the bahk. 
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vectors versus scalars 




How come we used speed and distance before for 
Alex the pizza guy, and now were using velocity and 
displacement? Why didn’t we just use velocity and 
displacement from the start instead of having to 
learn two ways of doing this? 


Vectors (or displacement) are sometimes 
more useful than scalars (or distance). 

Sometimes it’s appropriate to use scalars, and sometimes 
it’s appropriate to use vectors. 


For example, if you want to know how much gas you’ll use 
for a round trip, knowing that the vector displacement is 
zero doesn’t help - it’s the distance you’re interested in. 

But if you want to know the shortest route between two 
points, then vectors are the best. 


There are also other things that you haven’t met properly 
yet - scalar quantities that don’t have a vector equivalent 
and vector quantities that don’t have a scalar equivalent. 
But no worries, you’ll get to some of them in later chapters. 


|*t s up *to you *to 
de6de >n\\\cM is bcs*t 
-fov 叫 situation. 



Sometimes it’s appropriate 
Sometimes it’s appropriate 


to use vectors, 
to use scalars. 
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vectors 


— c^harpen your pencil_ 

Here’s a map of one of Alex’s pizza deliveries from the pizza shop to a customer’s house. 

a. Draw his route to show his overall distance, and draw a vector arrow to show his overall displacement. 

b. Draw vector arrows to represent his velocity at each of the X’s on the road. 

c. Explain why it was more appropriate to use distance and speed to deal with Alex rather than 
displacement and velocity. 
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sharpen solution 


qgJharpen your pencil_ 

Solution 

Here’s a map of one of Alex’s pizza deliveries from chapter 3. 

a. Draw his route to show his overall distance, and draw a vector arrow to show his overall displacement. 

b. Draw vector arrows to represent his velocity at each of the X’s on the road. 

c. Explain why it was more appropriate to use distance and speed to deal with Alex rather than 
displacement and velocity. 

Alex, da 灼 ’ 七 30 di\rcd*tly *thv-oujh buildm^s o\r works — bu 七 displadcmci^*t vcd*tov does. 

So ••七 would be silly *to talk abou*t displadcmc^*t ms-tcad o-f dis-ta^dc- 

always dovcv-s dis*ta^c a*t 七 he same speed *tiiouO|h -the div-cd*tio^ <^f W\s vdo^i*ty 

So •bhev-c^s y\o po'm*t m about vclodi*ty ci*tiicv-. 



You only use distance and speect il direction isn’t important. 
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vectors 




Scalar 


Vector 


Displacement 


Velocity 


A quantity that just has a size. 

A quantity with both a size and a direction. 

The ^vector version” of distance. 

The change in position between two points. 

The “vector version” of speed. 

The rate of change of displacement. 


Acceleration The rate of change of velocity. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 5 under your belt and 
added some terminology and math skills 
to your toolbox. 


S-tart Wi-bV^ a sicc 砂 

s W7 心 

a 祕 ⑺ 

? ^s a skeUW 

A skcUV> 叫七 M r 

_ Y visual 

^ so 7 ou, Warn is W tv>mk 

about \>W/ S *6 S . 

fs dilr^tioh ii^poirt^h 七？ 

M you\rsd-p, u |s divcdtioh ir^p 。 七 W' 

^heh you'll khow whcthcv io use sca\a>rs 
(like disbh^ avid speed) ov v^U*s 
(like dispUdcmcht ahd velocity). 

Mcasuvihj a^les 

\y\ physics, you measure a^lcs 
dour\*tcv*-dlodky/isc -from the 
hovizjorrtal. 

You c^y\ measuve a^les yea-tev* 
*thar\ 180° y/i 七 h youv* pvo*tv*ad*tov* 
cithev* by of hoy/ vvwaCM 

^vea-tev* *thar\ 100° the ar\^lc is, or 
how mudh less *thar\ ^^>0° i*t is. 


pi\rs 七 Y/ha-t, i^tv\ V\o>m 

Bc-fovc you s*bav*t *to y/ovk oy\ a 
pvoblcm, y/ovk ou*t >wKa*t »"t is you v-c 
suf \>oscd *bo be do*m^. 

-tVvrou^ *tv>c <\ucstio^ a^d 
u^dcv-lmc *t^C *»mfo\rtair>*t 

O^ly *tWmk about “ you'll do i\\t 
f\roblern ov\tt you've >/o\rkcd ou*t 

y/Ka*t -t^evVe lookm^ -for. 


Matii with vectors 

Add vector arrows by lihihg them up 

W hosc—-to—*tai|. w 

OR 

l*f yo^ vcd*to\rs all lie alohg 七 he same 

lihC, dc-fihC OhC di\rCd*tioh as positive 
ahd -the other as hcgativc. 

Add the siz^s <^f -the ve6io\rs, r^akih^ 
su\rc you get 七 he sighs dovredt 

pwW d veUrb/ 

arvd attclcvafcorv 

^ ob\c^s vclo^V VC6V ? omts m 
d^t»^ »Vs urrc^lv movM 

A ， ob^s a 法 aW 士 — 七： 

L dtLw 恤 velo6tv is ^tlv 
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Hey ... I thought physics was supposed 
to be about labs! Like, when do we actually 
start doing experiments and stuff... 


You’re right. Experiments are 
valuable tools for observation. 

The next few pages will show you an experimental 
design set-up.. .but put yourself in the problem, 
and try it on your own first. Don’t worry, you 
already know more than you think you do. 


CSv\ be sy/'i*tdiicd ov\ 3v\d 
<Jc( us'm^ clcd*tvi6*ty. ^ 


You have a steel ball-bearing, a tape measure, a timer, and an electromagnet that you can rig to switch off 
when the timer starts. Your challenge is to design an experiment which will enable you to draw a graph of 
displacement vs. time for a falling object. 

a. List any additional equipment you would like to use. 

po^*t be a^aid -to i\\\s> TKc -fev/ 
pays v/ill -take you *tWou# i*t … but you 
alv-eady kr>oyf move 七 ha 朽 you 七 Wmk you do. 


b. Draw and label a diagram of your experimental design. 


c. Briefly describe how you would carry out your experiment. You should mention what measurements 
you will make, and how you will use them to draw graphs that will show you a value for the displacement 
at any time. 
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Question Clmic: The "Pesigw aw experiment" Question 




Physics is based on experimental results, so 
ifs important to be able to design an experiment yourself. 
There are often several good ways to do this. Some problems 
will give you a list of equipment, but you may not need to use it 
all, depending on what you decide to do. 



I-P youVc plo-ttmj 

any jv-aph mvolv'm^ 

•the 的 -time 

should be oy \ -the 
ho\rizx>^-tal axis. 


These *typcs o( ^ucs*tio^s always ^ivc you s list of 
available quifm ⑶七 ar\d may say *tha*t additional 
avc available you cby \ -tK'mk o\ 叫 you^d like *to 


which will enable you to draw a graph of displacement . 
time for a 

^§tany ^diion^equi^ent you would like to use. 

)rawandlabela diagram of your experimental design, 

carry 0Ut y0Ur mmpntc; 
e^Jim^T^iiould mention what 

graph jhat shows you avaluefor the displacem^t 
any time. 


The AP P^ysids B 

-pvee response fafev* 
ALlVAys mtludcs a*t 
lcas*t oy\c ^ucs*tio^ -that 
asks you *to dcsi^ ov 


[>uiz.y/o\rds 

that 七 ell you ocadtly v/hat youVc supposed -to do. 
So be ^av-c-Pul - i-P ii says 'dv-aw dr>d you doY\i, 
you II au-toma-tidally lose pomtsf 


When you see a ''design an experiment'* question, 
make sure you underline everything you're supposed to do 
to separate out the wheat from the chaff and clarify 
the task in hand. 
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Match each term to its description, which says what 
you have to do when you answer the question. 


Term 

Description ihstt says wh^tt you KaVe t9 do 

design 

A number with units. The reason you’re doing your 
experiment - you can work it out from your results. 

describe how you 
would carry out... 

Words that say how you set up your experiment. 

draw a graph 

Annotation with arrow describing part of a drawing. 

label 

Make a picture of how the equipment you’re using 
works together. 

measurement 

Make a plot of one set of measurements against 
another set of measurements. 

a value for... 

Words that say what you do with the equipment 
you’ve set up. 


draw a diagram 


A number, with units, that you read from a scale or a 
meter in the course of your experiment. 













Match each term with its description, which says 
what you have to do when you answer the question. 



Bu^Word 


Description thctt says wKcttyou KaVe t9 do 



A number, with units. The reason you're doing your 
experiment - you can work it out from your results. 


Words that say how you set up your experiment. 


Annotation with arrow describing part of a drawing. 


Make a picture of how the equipment you’re using 
works together. 


Make a plot of one set of measurements against 
another set of measurements. 


Words that say what you do with the equipment 
you’ve set up. 


A number, with units, that you read from a scale or a 
meter in the course of your experiment. 


0 O 



First up, you’ll find 
it helpful to jot down 
what you can measure or do 
with the equipment you have 
available, and write down any 
relationships between them. Also 
write down what you re being 
asked to do! 


time for a falling object. 



-V 



























Here are all the pieces of equipment mentioned in the question. Your job is to write down what quantity 
you can measure with it, and what you can do with it in the experimental setup. 


You should also write down what it is you’re being asked to find by doing your experiment, plus any 
relationships between the units of what you can measure and what you’re being asked to work out. 


Piece of equipment 

What can you measure / do with it? 

Steel ball-bearing 


Tape measure 


Timer 


Electromagnet 



What I’m supposed to do: 

Relationships between what the items in the 
table can measure and what I’m being asked 
to work out: 


Any other equipment you’ll need to be able to 
do the experiment: 


II you kave a list ol ecjuipitient, ask yourself ： ff Wkat can I DO 
witk tkis stullV and ” How can tkese items work togetlter?” 
















^ o\a v/oul(iv/ 七 dv"3>w ou"t 3 "tsblc like 
iK'is \ y \ dr\ c%am - jus 七 armota 七 e 

⑼七 list youVc ^Wc^l 

Here are all the pieces of equipment mentioned in the question. Your job is to write down what quantity 
you can measure with it, and what you can do with it in the experimental setup. 

You should also write down what it is you’re being asked to find by doing your experiment, plus any ，:！ 

relationships between the units of what you can measure and what you’re being asked to work out. j 


Piece of equipment 

What can you measure / do with it? 

Steel ball-bearing 

I 匕扣 drop i*t so i 七 -falls dov/^y/av-ds. 

Tape measure 

1 匕扣 measure *tiic hei# 七 七 he ball-bca\r*mg -falls -fv-om. 

Timer 

I 匕扣 *timc how Icmj ball-bca\r*mg -takes *to -fall. 

Electromagnet 

I 七 匕扣 hold ball—bcav-'mj d\rop i*t when i 七 swi*t^hcs 

The tiw'CV- s*ta\rts -the swi*tdhcs 



What I’m supposed to do 

Relationships between what the items in the 
table can measure and what I’m being asked 
to work out: 


Dv-aw a jv-aph displadcmc^*t vs. -time. 

I 乙扣 measure displa 匕 emeirrt ( 你） 
measure and -time (s) y/rth 


Any other equipment you’ll need to be able to 
do the experiment: 


Sornctlimj *to hold B 

y/ay *to s*top ball la^ds. 


Look at tke UNITS oi wkat you can measure and wkat you’re 
teing asked to work out. How do they relate to eack otker? 




















This particular question asks if you'd like to use 
any other equipment. So do the 'ideal world' test - in an ideal 
world, what would you need to measure the values as accurately as 
possible? Then, you actually need to design the experiment in 
your head before you can describe, draw, or label it! 


You need extra equipment to stop the 
timer and to hold the electromagnet 

You can measure displacement and time using the 
tape measure and timer. And the question says that 
the electromagnet can be rigged up to release the 
ball-bearing when the timer starts. 

All you need then is to stop the timer when the ball 
lands - which will need an extra piece of equipment, 
for instance a switch plate rigged up to stop the 
timer when the ball lands on it. 



M^terpen your pencil 


Is the experimental setup you now have in mind similar to what you drew at the start, or is it different? 

If it's different, draw and label a diagram of your new experimental setup, and explain how you'll use it to 
make measurements and draw a graph that shows you a value for the displacement at any time. 


You might not have any changes, and if you don’t...that’s okay too... 
















You have a steel ball-bearing, a tape 

-Traw a graph of displacement v, time for a 

falling object. 

a. List any additional equipment you would like to use. 

b. Draw and label a diagram of your experimental design. 

: B = y 二二 

=:=;a v^lue for ^displacement atanyt.me. 



rpen your pencil 
Solution 


Is the experimental setup you now have in mind similar to what you drew at the start, or is it different? 

If it’s different, draw and label a diagram of your new experimental setup, and explain how you’ll use it to 
make measurements and draw a graph that shows you a value for the displacement at any time. 

You might not have any changes, and if you don’t...that’s okay too... 


Make suv-c you 
mdlude labels so ^ 

•rt’s d-lcav 七 

is. 






Ball-bca\r*mg 



TimcV" 


Sv/i*td^ plate 


Dis-ta^dC -f\rom 
bottom 
ball-bca\r*mg 
b> *top o( 
sy/i-tdlb plate 
(tape mcasuv-c) 


Y 




spe^d -too rwudh 
"tirwe you\r 

did 少 rdm look pvrtty. 


Use -the dlamp s*ta^d av\d -the -tape mcasuv-c *to srt 
o( -the ball—bca\rmg. Time hoy/ long i*t 
•t^kes *bo -fall -fvom height usrng *tiw\C\r, 
clcd*tv"oma^c*t sy/i*tdh pla*tc- Use a 

heists, -f\rom *t^C smallest da 的 measure 

*to hci5ii*t o-f -the dcilmj, scvcv-al heists 
•m between as y/cll. /\^d -time eddh *tv/o o\r 

*tWcc times 七 。 \rcdudc va^dom c\r\ro\rs. 

Then, plo*t a jv-apii y/i*th time dlo^ 
hov-izo^tal a^is d^d *thc dis*ta^dc up vc\rtidal 

a 乂 is. D\ra>/ d smoo-th I'me dd*td po*m*ts. 

The yapii Irb you \rcad -the *time i*t1l *takc 
(or ball-bcav-i^ *to -fall a^y dis-ta^dc- 


0 y \ youv jvaphs, time should always 

be al 。 灼 3 *thc ho\rizx>ir\*tal a 乂 is. 

































Can’t you, like, do a summary 
of that or something?! 


BULLET POINTS - 

■ The AP Physics B free response paper 
ALWAYS has a ‘design an experiment’ 
question in it. 

■ You will be given a list of equipment. 
There’s often more than one way of 
designing an experiment that will work, so 
don't feel that you need to use it all. 

■ You can also choose extra equipment if you 
have a good reason for using it. 

■ Read the question carefully, and underline 
what it asks you to do. 



■ If the question asks you to design, 
describe, draw, label or explain, that’s 
what you get points for! 


■ You may find it useful to jot down what 
you can measure or do with each piece 
of equipment to get your creative juices 
flowing. 


Rememl>er to 


■ Remember to explain clearly what you’ll do 
in your experiment - how you’ll use your 
equipment, and what you’ll plot on a graph. 

■ If you’re plotting a graph, time always goes 
along the horizontal axis. 


explain clearly 
wkat you’ll Jo in 


your experiment! 
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6 Displacement, Velocity, and 

# What’s going on? ♦ 



Handed off to the running back ... 
he just covered about 5 meters in a second 
on a 30° diagonal from the line of scrimmage 
,now he's changed direction - look at that 
acceleration ... an overall gain of 1 meter so 
far, and he's still going ... 


Hey... cant we 


just show it on the 
chalkboard during 
the replay?! 


o 


It’s hard to keep track of more than one thing at a time. 

When something falls, its displacement, velocity, and acceleration are all important at 
the same time. So how can you pay attention to all three without missing anything? In this 
chapter, you’ll increase your experiment, graph, and slope superpowers in preparation 
for bringing everything together with an equation or two. 


this is a new chapter 


whafs going on here? 


Just another day m the desert 



■i ■讎 


Ikl h\ 

\ d 



- - V T 

m 



m 






T\\t P'm^o y/ar\*U Emu *to 
s*tay still -fov lor\^ cr>ou^ii *to 
dclivcv ar> *to Kis 

bivtWay favty- 



丁 he Dmgo heeds -to 
khow how high -the 
pl^t-Pov-rn should be ； 
whether -the 

匕 age Qh to^t with 

•Pall’mg that -Pav-. 



The 

as sooy\ as *thc Emu 
rO\AY\As *thc dov^cv. 


The C^t v/ill *fdll 

0 的 -the tav-jet 



V*m 


丁 he Emu iruhs a 七弓午 
kilor^c-tcirs pev- houv». 



The *tavyt is 30 
-fvom "the 
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displacement, velocity, and acceleration 


... and another Pmgo-Emu moment! 

Every year it’s the same. The Dingo wants to invite the Emu to his birthday 
party - but the daft bird won’t stop running for long enough for him to 
deliver the invitation. So this year, the Dingo’s decided that extending a 
paw of friendship needs drastic measures. He’s hired a crane, and wants to 
push a cage off the platform the moment the Emu rounds the bend. But is 
this practical? What height does the platform need to be, and will 
the cage be able to handle hitting the ground at a high speed? 



54 kilometers per hour 



So the Dingo calls the crane company’s customer service department to ask 
some questions ... 

Crane Company Magnets 

The crane company gets to work on the problem. But we accidentally dropped their memo 
and some of the words fell off. Your job is to put them back in the right places. You might 
use some magnets more than once, and some not at all. 

Also, underline the most important parts in the memo to separate the important stuff 
from the fluff - the wheat from the chaff. 




To: Dingo 


Re: Cage 


falling cage landing exactly on running : . 

i is on the computer up there -: . 

.I past the corner. The 


,tricky! The 

••- and we 


rounds 


Emu’s : . 

set up the crane and target 

： ：falls at the same time as the 

: the cage falls in the : 

. :, we can set the crane to that 


the corner. If we work out the : . 

it takes the Emu to run : . 

and take home a fat 

is only guaranteed 


. ；.Be careful - the 

if it hits the ground at less than 25 m/s. 


time 


height 


commission 


Emu 


54 km/h 


speed 
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magnets solution 



Crane Company Magnets - Solution 

The crane company gets to work on the problem. But we accidentally dropped their memo 
and some of the words fell off. Your job is to put them back in the right places. You might 
use some magnets more than once, and some not at all. 

Also, underline the most important parts in the memo to separate the important stuff 
from the fluff - the wheat from the chaff. 



To: Dingo 


Re: Cage 


falling cage landing exactly on running 


Emu 


Emu, s 


I speed 


Is on the computer up there 


se t up the crane and target 


30 m 



: alls at the same 
the corner. outjthe 




54 km/h 


ast the corner. The 


Le cage 






I rounds 


time 


set the crane to that 

Be careful - the 


^Snd at less than 25 m/s. 








1 30 km 





| 54 m/s ; 







These didn't yt used 
because -the u^i-U av-c 


| velocity 


V 



The Emus speed, vathev- thoih 
his velocity, is , as 

the \rodd is ^uvved- 



奉 *ti^c docs -fall -fov-? 


hcijht should be? 

iVill be Jomg -fas-tev- 

m/s i*t Ki*ts *tiiC youi^d? 




Which of these would 
you try to work out first? 
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displacement, velocity, and acceleration 


How can you use what you know? 


The Dingo drops the cage as soon as the Emu rounds 
the corner. Then, the cage falling and the Emu 
running both take the same time to reach the target. 

The time that the Emu takes to arrive depends on 
the speed he runs at and the distance he covers 
from the corner to the target. As the Emu always 
runs with a constant speed, you already know an 
equation you can use to do this. 



Once you know the time it takes the Emu to arrive, 
you’ll have to figure out how far the cage falls 
during that time. This will give the Dingo the height 
that he needs to set the platform at. 

However, if the cage travels faster than 25 m/s in 
the time it takes for the Emu to reach the target, this 
plan won’t work because the cage will hit the ground 
and be destroyed upon impact. 


You haven ’ 七 dealt Vi*bV) 
yet - but Aor!i 
y/hat tWis ^apWs about! 





These times avc c<\ual- 


The day takes 

-time to ge 七 -Pvorw 

"the pla*t-ro\rnr» *to 

the tav-jet- 


The Emu takes 
■time -to yt 
-pvom Co\"Y\tV 

bo the *tav-yt- 


c^||^pen your pencil 


First things first. Work out the time it takes the Emu to cover 30 m from the 
corner to the target at a speed of 54 km/h. 

ttmt You’ll Y\tcd — 

*to do^vc\rt u^rts- 
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sharpen solution 



rpen vour pencil 
Solution 


Work out the time it takes the Emu to cover 30 m from the corner to the target 
at a speed of 54 km/h. _ 

Coir\Vc\rt km/h *to m/s torwevsio 灼 -fattovs, you’ve 

4 L . /, - / . \000Z . IW . Ir^ 4 少 

P 弓十 km/h m m/s 二弓午 - —卞 1?T^T ^ ITTr - sctor^ds or> *t^c bottom - m/s. 

dar> use i*t — Vy m/s 

-Pvom 



I 


3 om 3 

OY\t I'mc *to 

the ^c%*t as 
you \rcav-\ra^^c 
c^uatio^. 

—p speed A 七 ime 


iVovk ou 七 *thc 七 ime i 七 takes ： 

A dis-ta^dc 


speed 


Rcav-v-a^jc 
c^uatio^ *to yt 

A time 二 … 


A tiW'C 


A "time 
A dis-ta^dc 
A dis-ta^dc 


E^uatio^ domes -Pvorw "the u 灼 i*ts 

o( speed. Alctcv-s pc\r sedo^d is 
a dis-tahde divided by a -time- 


|-f you Aor!{, -feel 
so dor\-f idci^*t about 
s-tv'mgm^ "tKem -to^c*t^cv , 
you ddr^ do u 灼 i*ts 

dor\VCVsior\ or^c s*tep a*t d 
time. TKaVs -f'mc boo. 


10 





s 


peed 


IWs 


%.0 sedo^ds (Z sd) 

- 久 



The pvoblcrw javc ^urwbcv-s 
v/rth Z si—*f_dajvt dijits 

"to y/o\rk wi 七 h, so youv- 
answer should have Z sd. 


The Emu takes 2.0 seconds to 
reach the target - so the cage 
needs to take 2.0 seconds to 
reach the target as well. 



NOTES 


Ka-t tiw docs i\\t -fall -fov? 
TKc -falls (ov X O s. 

^Viia*t Kc*i^K*t should 七 dva^c be? 

i^ill i\\t dd^e be 50^5 -fastev- i^v\ 
Vy m/s whcr» it Ki*b tKc gvou^d? 



ou kr^ov/ that 
the Emu *t3kcs 
Z O s *to avv-ivc 
a 七 the -tav-jet 






00 : 02.00 

So -the dajc ^ccds -fco take 
Z.O s "to 心 11 -Pvorw -the 


00 : 02.00 


d\r3hC. 
























displacement, velocity, and acceleration 


So I have the time figured out, but uh ... I still don’t know 
how high the crane should be, or how fast the cage is going 
when it hits the ground. Isn’t that the point? 


Don’t l>e alraid 
to start out doingf 
a question，even 
ii you’re not quite 
sure wkat direction 
it’s going to take. 


Don’t worry - you’ve already made progress. 

When you started out, you knew a couple of facts about the 
Emu’s speed and the distance he covers - but nothing at all 
about the cage or the crane platform. 

Now we need to figure out how fast the cage is going when 
it hits the ground after 2.0 s and the distance it falls in that 
time. 




BE 呼 - 

Your job is to imagine Aat you’re the ca^e. 
\1\M do you feel at each of the points 
intiie picture? direction are you 
moving in? Are you speeding up 
or slowing down? 
moving like tiiis? 

. 



are you 




M Pom 七 







Pom 七孓 



u 


Pom 七千 - Jus*t 
广 about *to \by\A 
^ (but hasn't hit 
■the you^d yc*t) 


•- 
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be the solution 



BE . 峰 SOlXJTO)^ 

Your job is to imagine that you’re lie ca^e. 

do you feel at each of tire points 
in tire picture? direction are you 
moving in? Are you speeding up 
or slowing down? are you 
moving 1 法 e this?? 


A 七 . .A. sfCdial poi)r\*t^ as fm suddenly 

-fy-om s*till *tp staytm^ bo move doy/^wairds-. 

.Pomt 2-- FalJjhj doyjY\ .-fasicr I was at. 

pom t I ； 

A ■ 七 . •?•:• .f^JJ … 3 .dow^ cycr\ -fas*tc\r 灿和 ■ _l_ was at 

poiir\*t . 

At.P?!d 十 .:.Thi^.i^.i.h?. : fe 如 ? i.1.1!.h?. 妒 ㈣ bc-forc. 

I hit .ih? S'CPM 11 }^ (fJ] )r?. %；0 sedo^dis i^; 

七 ! h^.3h 七 .)?. 

iVivjf ： ^y-ayi-ty^s n\c dov/^wards. 



广 Pom 七 I - Just 
bcc^ pushed oi 
the plat-fov-m 


Ponvt Z 



匕一 ^ Pom 七孓 


Pom 七十 - Just 
广 abou-t *to la^d 
^ (but hasn't hit 
■the you 灼 d yc*t) 


\y\ 七 IVis pvoblcm, \nt ^avc you iicad'm^s -to use, 
but !Vs alv/ays a ^ood idea *to 你 ake rt ^Icav- 
^\cM part P'roblcrw youVc ar>sy/c\r*m 5 

a 七 ea^ stay! 


㉓專 


The cage accelerates as it falls 


WfeVc ^o'mg h> talk about 
*thc day’s disfla 乙 cm ⑼七 
a^d vclo^'rty, as -the 

DIRECTION is stav-t'mj 

*to bedome impo\rt3^-t 
一 *thc da^e is^*t bc'mj 
laughed uf m*to *thc aiv- 
just d\roppcd| 


.ou 



You’ve spotted that the cage accelerates as it falls. 
Acceleration is the rate of change of velocity. Yc 

can tell that the cage is accelerating because its velocity 
is continually changing. It starts off with zero velocity, 
then gets faster and faster until it hits the ground. 

With that in mind, it’s on to working out the cage’s 
velocity after 2.0 seconds and its displacement in 
that time so that the Dingo knows whether the idea’s a 
starter - and if so, how high to make the platform. 


You know tkat 
sometliing is 
accelerating ii 
its velocity is 
clianging[. 



A% 

sd 占 f 
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displacement, velocity, and acceleration 


Hey ... whafs with this talk of 
displacement and velocity? I was quite 
happy with distance and speed. 


Displacement and velocity will be 
more useful to you in the long term. 

As the cage is always falling in the same 
direction - straight down - you could use either 
distance and speed or displacement and velocity 
to describe its motion. 

But soon you’re going to be dealing with 
situations where direction is crucially important, 
and you must use vectors. As you practice using 
displacement, velocity, and acceleration for the 
cage, you’ll soon get comfortable with them, 
which will stand you in good stead in the future. 




-Displacetnent, Velocity, 

J]p CL 




'Vectorize' your equation 


Displacement is the Vector version' of 
distance and is represented by the letter x in 
equations (or the letter s in some courses). 

Velocity is rate of change of displacement 
- the Vector version' of speed. It is 
represented by the letter v in equations. 


You’ve already used the equation 

! A distance 
speed = 


to work out that it takes 


A time 

the Emu 2.0 seconds to reach the target. △ n>cBv\s 


The Vector version’ of this equation is / 


'm 


velocity 


△displacement 
A time 


or v 


a7- 


Acceleration is rate of change of velocity, 
represented by a, and doesn’t have a scalar 
equivalent. If an object’s velocity is changing, 
you need to know which direction the 
velocity is changing in for the statement to 
have meaning. Otherwise, you don’t know if 
the object’s speeding up, slowing down, or 
changing direction - which are all ways that 
an object’s velocity can change. 


It’s fundamentally the same, except that it 
involves velocity and displacement instead of 
speed and distance. 


r^v 

vclotrty 


Ax 

At 



displadCrwCht 




dha 竹 3c m time 


We’re using bold letters, like x and v, to represent 
vectors and italic letters, like t, to represent scalars. 
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displacement or velocity first? 







So we need to work out the displacement of the 
cage after 2.0 seconds. That doesn’t sound too bad. 


Jim: We also need to work out what its velocity will be when it hits 
the ground. If that’s more than 25 m/s, then the cage will shatter. 


Joe: Why don’t we work out the velocity first? That way, if it turns 
out that the cage is going too fast after it’s been falling for 
2.0 seconds, we won’t have to bother working out the displacement 
as well. 

Frank: Sounds good. I’m all for spotting shortcuts! 

Jim: Well, we’ve done something similar before with that cyclist 

who rode everywhere at the same speed. Can’t we use the equation 

Ax 

v = a 7 to 

Frank: Yeah, let’s just use that equation! We want to know the 
velocity, and that equation says “v =’’ on the left hand side, v for 
velocity. It’s perfect! 


work out the cage’s velocity 



Joe: Um, I’m not so sure. The cage doesn’t have the same velocity 
all the time - it accelerates as it falls. 

Jim: But we can still use that equation, right? If we work out the 
displacement, we can divide it by the time to get the velocity. 

Joe: I don’t think so. If the cage always had the same velocity, then, 
fair enough, that would work. But the cage’s velocity is always 
changing because it’s accelerating - it isn’t constant. We want to 
know what its velocity is at the very end, as it hits the ground. 

Frank: Oh ... and when it hits the ground, it’s only been traveling at 
that velocity for a split second. 

Jim: Yeah, as it gets closer to the ground its velocity increases, so 
it covers more and more meters per second. If we divided the total 
displacement by the total time, we’d get the cage’s average velocity. 

Joe ： But we need to know what the velocity is the instant it hits the 
ground. An average velocity’s no good to us. 

Frank: I guess we need to do something different... 


you 乙 aUa 七 e 知匕 ay’s vclo6*ty you 

娜，七 have bo bo-bKcv taltulatmj i-b disfUe 你⑼七 
i*f .|七 out v/ill bv~c3k- 


NEVER tlinctly stick 
numters into an 
equation. Always ask 
yourself ” Wliat does 

tkis equation MEAN?” 



h(0TB£ 
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docs -the -fall *fo^? 

I/Vh 七 height should the dmahe be? 
ba^k -to -this i-p 

^Vill the dage be 

^ r^/s whe h it hits the gv-ouhd? i 

THIS HB)<T!! 













displacement, velocity, and acceleration 


You wawt aw mstawtawgous velocity, 
wot aw average velocity 

Ax 

The equation v = -^ works fine if you have 

something traveling at a constant velocity. But 
the cage gets faster and faster as it falls - and you 
want to know what its velocity is the instant it 
hits the ground. 

The best you can do with the equation is to work 
out the cage’s average velocity, which is the 
constant velocity it would need to travel with 
to cover that displacement in that time. But since 
the cage isn’t traveling with a constant velocity, 
this value won’t help you out. 

/\s its velo6*b/ meases, i\\t ^ 
day’s d jsplaeemerrb i s yea 七 ev 
•m sdme amourrt of 七 K 一 


4 ^ 





Wi 





M it -falls, *th 

匕 age’s velocity 

ihdvcascs. 


t 


Ax 



The addel 


m 

n 

fAt 


ev * 丑灼 is 


•the 


va*tc a*t >whidh -the vclodi*ty 


Tiiis is 
yaph -fov 
b\t dy^lis-t ir> 

aftev 午 . 


This vcd-to\r \rep\reserrb ihc vclodiiy o( 七 he 
匕 a 3 e j us 七 tc-Po\rc it hits -the JV-ouhd. The 
o( -the VCd-to\r ircpvcscrrb ihc siz^ 
of the vclodiiy. Voy^i be pui off by ii 
appeammj -to 50-the tavjct 


® 專 



cM 



S*tvit*tly speakm^, you used dis*ta^tc ar>d 
speed vat^cv displa£.c»^cr\*t ar\d 
vcloti-ty, but pvmtiplc is i\\t same. 

_ Ax^ 

You’ve previously used the equation v = -^ to work out the 
average velocity of a cyclist who was slowed down by stop lights, 
and it gave you the slope of a straight line between the start and 
end points of his displacement-time graph. Using the slope of 
his displacement-time graph at that point, you were also able to 
work out his instantaneous velocity at any point. 





How might you try to work out a value 
for the instantaneous velocity of the 
cage just before it hits the ground. 


you are here ► 


213 





































































































































































































































































































































































































































methods sometimes work when an equation won } t 


So could we draw a displacement-time graph 
for a falling thing, and calculate its slope at t = 2.0 s to get 
its instantaneous velocity? Will that part still work? 



You may be able to use the same method 
even if you can’t use the same equation. 

As the cage doesn’t fall with a constant velocity, the best you 

Ax • 

can do with the equation v = -^ is work out its average 
velocity - which isn’t what you want. You can’t reuse this 
equation to work out the cage’s instantaneous velocity 
because the context is different. 


But you can use the same method even if you can’t 
directly reuse the same equation. If you draw a 
displacement-time graph for a falling thing and are 
able to calculate its slope at ^ = 2.0 s, this will give you 
the instantaneous velocity of the cage. As long as you 
understand the physics, you can work out how to do a 
problem even if you can’t directly use an equation you 
already know. 

Though you still need to design the experiment... 


Lcterstandingf 
s pkysics kelps 
ii to work out 
w to solve a 
otlem even ii 
\i can’t directly 


... but didn’t we already 
design an experiment 
like this? 


O 


: mak : —ts and draw a graph that a valuefo 二 iSSSST 

its the same as what you already did, you can skip this Sharpen. : -) 


Make su\rc you 
ihdludc labels s< 
i - t ； s dlcav wha-t 

cvcv-y-thihj is. 






Clamp stand 


，一 , 
B ^ ll — bc^viho 


Tiwlcv 


plate 


-Pvom 

bo-t*torv> o( 

ball-bcav-ihj 

"to -top o( 

swi-Uh plate 


Dcm’i spend -too mu£h 
youv- 

dido 一 


!^ sc dlam f ihe tape measuve io sei 

77 he ： 9^ ba"-bea^ 3 . 7W how 一 it 
takes h> -fall 4om ihai height us'mg ih e 七一 v, 
eketro^ei amd swi^h plaic. Use a v-a M a c 

ihe smallest ihe tir^ev- dah measuve 
to 七 he height o\ -the dcil'mg, a^d scvcv-al heights 
m bcWe„ as well, eadh heighi iwo ov- 

七 "times -fco vedude evvo^s. 

Thc M a 9<ra P h wiih ihe ii«，e alo^ ihe 
k 七 I axis 如 dthe disUde “p 七 he v ev -ii Ca | 

二 IS. Pravj a sr«ooih lime ihirough ihe daia pomts. 
| he 9^ph | e ts you read M ihc iir« e |^|| ^ 

+饮 the ball-beav'mg -to -fall any disiawce- 

youv gvaphs, time should always 
be along ihe hov-izoh-tal axis. 
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displacement, velocity, and acceleration 


r^U^rpefi your pencil 


When you carry out the experiment with the 
falling ball-bearing, electromagnet, and timer 
that you designed earlier, you get the results 
shown in the table. 

Use these measurements to draw a displacement¬ 
time graph for the falling ball-bearing. 

(Don’t worry about calculating the slope of your 
graph for now - you’ll do that next.) 


p I I I I _ ■■■■■■■■■■■■■ 

Displacement 

I II 11 1 1 I 1 1 1 I"_ 

X t i'M r-r-r-r 

ti(meters) 

n 

II 
ii 

3.00 


2.50 


2.00 




1.50 




0.50 


0 


0 


II I mtttTM 11 \u 


O.f 


Plo*t o( 


lo 


io 


n n tmiTtniTmiti imiimi kmm 


0.40 


£ 

0:50 


Displacement 

Time 1 

Time 2 I 

of ball ( m ) 

(s) 

(s) 

0.10 

0.142 

0.150 

0.25 

0.228 

0.224 | 

0.50 

0.316 

0.319 

0.75 

0.387 

0.390 1 

1.00 

0.456 

0.451 | 

1.50 

0.552 

0.556 1 

2.00 

0.639 

0.637 I 

2.50 

0.712 

0.712 | 

3.00 

0.779 

0.782 | 


Io 


rm i rm 


i 


0.70 


0.80 


mm 


t 

0:90 


m 


1.00 


jTime 
(seconds) 
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sharpen solution 


(^i^rpen your pencil 

Solution 


When you carry out the experiment with the 
falling ball-bearing, electromagnet, and timer 
that you designed earlier, you get the results 
shown in the table. 

Use these measurements to draw a displacement¬ 
time graph for the falling ball-bearing. 

(Don’t worry about calculating the slope of your 
graph for now - you’ll do that next.) 


Its rwerrtio 灼 

-that this object is 心 llm} 


Displacement 

Time 1 

Time 2 I 

of ball ( m ) 

(s) 

(s) 

0.10 

0.142 

0.150 | 

0.25 

0.228 

0.224 1 

0.50 

0.316 

0.319 

0.75 

0.387 

0.390 1 

1.00 

0.456 

0.451 

1.50 

0.552 

0.556 | 

2.00 

0.639 

0.637 | 

2.50 

0.712 

0.712 | 

3.00 

0.779 

0.782 | 




"I I I I I I I I I I I I I I 

~ I II II I I I I I I I II 









Dispiacem Plot o( displa^cmc^*t vs. -time -fov- -fallmg ball-bcav-mj 


II I I I I 1 I I I I I I Ittt 
X t * I M ' i-i-M- 、 

机 I (meters) 

m ri x 7 


3.00 


i!!!!il! ： !i!!!!ii!! 

: jTrmrrrrm: 




■2.50 


2.00 


" |-f youv fom*U dor / 七 

lie alo% a s*brai# 七 
\\y\t, dva>w a smoo*tii 
tuvved Ime ms*bcad- 


I 
I 
I 

II. 
I ■ I ■ IIt 
I I ■ I in 


1.50 


1.00 

"I I I I I I [ 

IuIlIXU 


0.50 


I 

0 




V 




-rmipm-i-Khiiuj 


1 .QQ 1111111 

11 p 1 M 11 ....« 

」 (seconds) 

I II III II . r I I ■ I I I I I I I . i 


Rcmcmbcv *to mdludc fom 七 
(0, 0) - ball-bcav-'m^ lias 
2 jCV-o displa£.CmCr\*t 
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displacement, velocity, and acceleration 


So if our points obviously don’t lie along a straight 
line, we shouldn’t try to force them onto one? 


Never play 

’connect tke 


ctots’ witk your 
points. Always 
use a smootk 


line (wketker 
it’s straight or 
curved). 


Look at where the points are to 
work out what type of line to draw 

If your points look like they ought to lie along 
a straight line, then draw a straight line that 
passes as close to as many points as possible. 

If your points look like they ought to lie along a 
curve, then draw a smooth curve that passes as 
close to as many points as possible. 

But never play 'connect the dots ’！ 


iJieretare no o 

Dumb Questions 



So … why am I drawing a 
displacement-time graph when I want to 
know the cage’s velocity after 2.0 s? 

You can use the displacement-time 
graph to get the cage’s velocity after 2.0 s. 

But what does velocity have to do 
with displacement? 

Velocity is rate of change of 
displacement. That means that the slope at 
a point on a displacement-time graph is the 
same as the velocity at that point. 

Velocity and displacement are 
vectors, right? Do I have to write them in 
bold letters like in the book? 

Not if you’re just handwriting them. 
We've made the vectors bold so you get 
used to thinking of them the right way, but 
you don’t have to do that in your solutions. 


Why does the slope of a graph 
matter? How does it help me? 

The slope of a graph is the change 
in the vertical direction divided by the 
change in the horizontal direction. On a 
displacement-time graph, displacement 
is on the vertical axis, and time is on the 
horizontal axis. 

So the equation for the slope gives you 
change in displacement divided by change 
in time - which is the same as the equation 
for velocity. 

OK, so I see why the displacement¬ 
time graph is important. But why haven’t I 
drawn a straight line on it this time? 

Last time, the points on your graph 
lay along a straight line. But this time it’s 
obvious that they don’t. 


So should I mimic a spreadsheet 
program, using my ruler to draw straight 
lines from point to point? 

No, not in physics. The cage doesn’t 
move jerkily from point to point - it moves 
smoothly. So you should draw a smooth line 
that goes as close to as many of the points 
as possible. 

OK, so the displacement-time 
graph is curved. I can work out the slope 
of a straight line graph, it’s 碧 . 

But how can I work out the slope of the 
curved graph when it won’t “sit still” for 

long enough for me to work out 劳 for 
a straight portion? 

Funny you should ask... 
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a straight line can have a slope 


You already know how to calculate 
the slope of a straight line... 

In Chapter 4, you calculated the slope of a 

straight line graph by picking two points on 

. . ... A vertical direction 

it, and calculating r - : :- ~~rr- - T^ • 

? & A horizontal direction 

If the graph is plotted with displacement, x , 

on the vertical axis and time, t , on the 

horizontal axis, this expression for the slope 

八 X # # # 

becomes , which is the velocity. 



A vertical direction 1 


oiope - ^ hor j Z ontal direction I 


Ax I 

\/dodi-ty 

Slope =— 

is vatc o( / 

I 


Slope = Velocity 

displa 匕 emchi 
七 ime. 

- 1 


A point on a curved line has 
the same slope as its tawqgwt 

You can calculate the slope at a point on a 
curved graph by drawing a tangent. This is a 
straight line that touches a curve at only that 
point without crossing the curve. 

This means that the tangent has the same 
slope as the curve at that point - so calculating 
the slope of the tangent tells you the slope of 
the curve at that point. 

A tangent is a line tkat 
touckes a curve at one point 
witkout crossing it. 


I/Ve pui u^i-ts oy \ -the a^es 

bedduse the would s-till be the 
sarwe SH ■/ \P£ the u^i*ts 

r^y be. 


x 


Graph of displacement vs time 


Choose two po'mts 
*to dal^ulaie the - 、 

of the ^ 

s*brai^vt Imc. 


A 




p 


A horizontal 
direction 




A vcvtidal divedtioh 
A ho\rizjo^*t3l div*Cd*tio^ — A *t 


A 




Work out ihc slope o( ihi 
the sa^e way you 
wo\rkcd out the slope o\ a 
stvaighi I'me gv-aph. 


x 


Graph of displacement vs. time 

A *ta 呼灼七 
tuwc -tou^iics i*t 
only oY\t 




A horizontal 
direction 
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displacement, velocity, and acceleration 



Dumb Quest! 


9ns 


Isn’t a tangent something to do with circles? 


In this context, a tangent is a straight line that touches a curve 
at one point but doesn’t intersect it. The tangent has the same slope 
as the curve at that point. You can also talk about a tangent to a 
circle - a straight line that touches it at one point. 


Aren’t there tangents in trigonometry as well? 


Tangent’ means something different in the context of 
trigonometry. The definition there is related to this one. You’ll learn 
more about the other meaning in chapter 9. 


So here, I can draw a tangent that touches my curve at a 
point and use it to work out the velocity at that point? 

Yes - the slope of a displacement-time graph gives you the rate 
of change of distance with time, which is the same as the velocity. 

But the graph I’ve drawn only goes up to 0.78 s, and I 
want to know the velocity after 2.0 s. Do I have to extrapolate my 
graph out to 2.0 s or something? 

Let's try it... 



rpen your pencil 



When you drew the displacement-time 
graph for the cyclist, you were able 
to extrapolate it further than the 
measurements you’d originally made. 

Now you can extrapolate your graph 
for the ball bearing experiment. Your 
set of measurements goes up to 0.78 s, 
but you’re interested in what’s going 
on after it’s been falling for 2.0 s. We’ve 
redrawn it to give you more space. 


x (m) 
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sorfa solution 



rpen your pencil 
K Solution 




Maybe 

yapK docs 
七 IllS". 


o\r 


"this... 


...o\r 


■this. 


When you drew the displacement-time 
graph for the cyclist, you were able 
to extrapolate it further than the 
measurements you’d originally made. 

Now you can extrapolate your graph for 
the ball bearing experiment. Your current 
set of measurements goes up to 0.78 s 
but you’re interested in what’s going 
on after it’s been falling for 2.0 s. We’ve 
redrawn it to give you more space. 



x(m) 

水 


3.00 - 


Graph of displacement vs. time 




... ov- maybe 

cvc 灼 -this... 


o\r 


i 七 doesn't 

do a 的 y J -these 

*thi 呼 at all, but dots 
somethmj else ms-tcad! 


This TOTALLY stinks!! 
Extrapolating from a straight 
line is fine, but how am I supposed 
to deal with curves when there are 
so many options?! 


It’s only 

meaningful to 
extrapolate a 
g[rapli ii its 
points lie along 
a straiglit line. 


It’s nearly impossible to 
extrapolate a curve accurately. 

It turns out that this method isn’t so hot after 
all. Drawing the displacement-time graph was 
fine, but this time, instead of being a straight 
line, it’s a curve. 

With a straight line displacement-time graph, 
its easy to use a ruler to continue the straight 
line as far as you need to. 

But you can’t extrapolate from a curved graph 
in the same way, as it’s almost impossible to 
tell exactly how the curve will continue. 



Go 



(s) 


220 Chapter 6 















displacement, velocity, and acceleration 


So that was a dismal failure. We drew a 
displacement-time graph just like we did 
before, but ifs ended up curved, and we can’t 
extrapolate. Physics stinks. 


Joe: But our curved graph looks very plausible. If the ball-bearing’s 
getting faster as it falls, then its displacement in the same amount of 
time will keep on getting larger. Look: 




Pispladcmcr\*t m 
sdw'C airwour\*t 
七 ime is lav^cv- 

(or lor>w. 



Time 


Frank: OK, so maybe it’s not a total disaster. But we still need to work 
out the cage’s velocity after two seconds. I don’t see how we can do 
that - without dropping the actual cage from a distance high enough to 
make it fall for 2.0 s. That sounds tough. Even in a room with a 3 meter 
ceiling, we didn’t get the ball-bearing to fall for more than 0.78 seconds. 



Joe: We can’t keep on dropping the cage - we might break it, which is 
what we’re trying to avoid! Plus there’d be the repair bill for the road. 


Jim: Hmmm. When we were drawing a displacement-time graph for a 
cyclist, we didn’t ever need him to ride long distances, just short ones. 

Frank: That’s because we were able to extrapolate his displacement¬ 
time graph. But we already said we can’t do that here! 

Jim: The last time we drew a displacement versus time graph, we 
calculated its slope to work out the pizza guy’s velocity. And then we 
used that in an equation to work out his time for any distance. 


Frank: But here the velocity’s changing - it doesn’t have one single 
value. We already said we can’t use the equation we worked out then. 

Joe: But what if we use the slope of our displacement-time graph at 
various points to plot a velocity-time graph? If it’s a nice shape, we 
might be able to extrapolate it and use it to get the velocity after 2.0 s 

Jim: Yeah, if we draw some tangents on our displacement - time 
graph, we could do that. It might just work ... 


Usually wken you 
do an experiment, 
you’ll use tke 
results to draw a 
grapli - tken use 
tke g[rapk to work 

out an EQUATION. 
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sharpen that pencil 




You can work out sometkin^s velocity 
at any point in time from tke slope oi 
its ctisplacement-time g[rapk. 


You might like *to Jo ovcv- 
the v/i*th youv 

\rulc\r di-ffcv-C^*b- 
匕 olo\rcd pc 灼 s so you tBY\ 
icll them apav-*t| 


^^arpen your pencil 


You want to plot the velocity-time graph for the ball-bearing. You can get values for its velocity at various 
points in time from the slope of your displacement-time graph at each point in time. As this is a curved 
graph, we’ve already selected some regularly-spaced points on it and sketched in their tangents for you. 

a. Fill in the table by choosing two points on each tangent and working out its slope - and, therefore, the 
velocity of the ball-bearing at each point. 

b. Use the velocities you’ve calculated to plot the velocity-time graph for the ball-bearing. You’ll need to 
write in all the labels yourself and choose your own scale for the vertical axis. 




Displacement 

liillll 


ok disp vs. -time -fo\r bd l-bca\r*mg 



Wc alv-cady 
selected -two 
po*m-ts oy\ this 

a 灼 d - 

匕 dldula*bcd 

the slope a*t 
七二 0 2-0 s. 



o 

5 


00 
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displacement, velocity, and acceleration 


This is A ^ This is A t 

between two _ bctv/cc^ 七 y/O 

po'mts you pitk pomts you pidk 

oy\ the ov\ the ta^jcht 


Time at point 

(s) 

^ Ax (m) 

(s) 

Velocity = 菩 (m/s) 

0.00 




0.20 

1.65-0.00 = 1.65 

0.95-0.10 = 0.85 

0：85 = 1 - 94(38d) 

0.40 




0.60 




0.76 






Youll Y\ttA *to 
a su'rbable 
sta\t -fov you\r 
vc\r*bi^al a 乂 is. 
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sharpen solution 



rpen your pencil 
Solution 


a. 


Time at point 

(s) 

0.00 

0.20 

0.40 


0.60 


0.76 


Ax (m) 

At (s) 

0 

1 

1.65-0.00 = 1.65 

0.95-0.10 = 0.85 

z • 沾 - oxo - ^ 

o.ee - o.z^ - o.w 

- ox^ - ^ 00 

o . 鈣 - o.M ■ 二⑽ 



1.65 




0.85 


1.94 (3 sd) 


證二華 sd) 


二 G sd) 


m o .衫二 mo o^o - o .竹二 


o.^i 

m — 躺 《*) 


These avc the pom^ts 


the pomts 
we t\)ost -to use- l-r you 
\cMost slightly d\UcYtY\i 
points or joi slighily 
di-r-rcvc^i values -Pov 
the velocities , 七 1 心 
dem ’ 七 y/o\r\ry as \ov\^ as 
you y/c\rc dose/ 


O^ly ^ivc as ma^y 
si^i-(*i^a^*t -f i^uv-cs 
oy \ youv s£.ale as 
you av-c able *to 
plot youv yaph. 


Plo*t c^f vclodi*ty vs. *timc -fo\r -fallmg ball-bca\r*mg 
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displacement, velocity, and acceleration 


We did it! We managed to plot a 
velocity-time graph for the ball¬ 
bearing, and ifs a straight line 


Jim: That looks, hmmm, nice. I’m starting to find straight lines strangely 
comforting, like they’re somehow meant to be. 


Vc\ot\bf 


TKc vclodity 
•mdveases ai a 
sicady raic as 
time passes. 


\/clodi-ty-timc jv-aph 
-Pov- somethmj 



h lovely 
siv-aijh-t I'mc/ 


Time 


Frank: But what now? We still need to work out what the velocity will 
be after 2.0 s. Our graph only goes up to 0.78 s. 

Jim: We can always extrapolate the graph out to 2.0 s and read off 
the velocity. It’s OK to extrapolate straight line graphs! 

Joe: Yeah ... but it would be kin da nice to come up with an equation if 
we can, so we can quickly work out the velocity at any time. Like, what if 
the Dingo wants to put the crane somewhere else? 

Frank: With the cyclist, we used the slope of his displacement-time 
graph to work out the equation v = ^. 

Jim: The cyclist’s displacement-time graph was a lovely straight line, like 
this one. Except this is a velocity-time graph. I wonder if we can use it to 
work out an equation in a similar way. 

, , , Av 

Joe: Well, the slope of the velocity-time graph will be ^ because 
velocity is on the vertical axis this time. So the slope would be the rate of 
change of velocity ... 


Frank: Hey! Didn’t we say before that the acceleration is the rate of 
change of velocity? So we can use the slope to get the equation a : 


Av 

At 


Jim: Ooh - because it’s a lovely straight line graph, the slope is constant. 
So the acceleration must be constant. Which means we can use the 
graph to calculate the acceleration - then use the acceleration to work 
out the velocity after any time! 



O 


0 



Tke slope of a 

g[rapk 

tells you tke rate at 
wliicli tke ’sometliiiig ， 
clianges witk time. 


Vclodiiy 
is v-atc 




l\ut\cYahoY\ 
•is va*tc o( 

vclodi*ty- 


a 


Ax 

aF 

Av 

aF 
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getting acceleration from a slope 


The slope of something's velocity - time graph 
lets you work out its acceleration 

Acceleration is rate of change of velocity with time. So the slope of a velocity-time 
graph is the acceleration. 

The pizza guy goes at a constant velocity, so his displacement-time graph has a 
constant slope. His velocity-time graph is a flat line, as his velocity is constant at all 
times. The slope of his velocity-time graph is zero, so his acceleration is zero. 


The falling thing’s velocity-time graph is a straight line with a constant slope. 

As acceleration is rate of change of velocity, this means that it has a constant 

. Av 

acceleration, equal to the slope of the velocity-time graph a = . 


Tke slope ol a 
velocity-time grapli 
is tke acceleration. 


^\Ut\trahoY\ 


Slope o( vclodity- 



Graphs for Alex the cyclist 
(constant velocity) 



Displacement-time 



Co^s*tar\*t 

yad’wt 


v Velocity-time 


Vt\ot\bf is 乙。灼 stairrb 
at all -bimes, so always 
has the same value- 
So the vclWrty - time 
yaph is a -flat Imc- 



value 



Acceleration-time 




a 






Velocity is 乙。灼 s*tairrt, 
so is zjt'ro. 


Graphs for a falling object 
(constant acceleration) 


x 


Displacement-time 




0 Kv 0 ^ 
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displacement, velocity, and acceleration 



Why do the graphs over there on 
the opposite page not have any numbers 
or units on them? 

费 

• Because these are ‘sketch graphs’ 
where the shape is the most important thing. 
The x-f, v-f and a-f graphs for something 
with a constant velocity will always have the 
same shape, no matter what that constant 
velocity is. Same goes for anything with 
constant acceleration. 

You'll sometimes see graphs like this on an 
exam - these allow you to show that you 
understand physics principles by choosing, 
drawing, or explaining the shape of a graph. 


I don’t get why Alex’s acceleration¬ 
time graph is a flat line. 

Alex cycles with a constant velocity. So 
at each point in time, his velocity is always 
the same. So the graph doesn't go up or 
down - the value stays the same. 

And how do you get from that to 
‘zero value* for the acceleration? 

Acceleration is rate of change of 
velocity. The velocity-time graph shows 
that his velocity isn’t changing. So his 
acceleration must be zero. 


OK, I think I get Alex’s graphs now. 
But I’m still puzzled about how the falling 
thing’s displacement-time graph turned 
into a straight line velocity-time graph. 

Velocity is the rate of change of 
displacement. As the curve gets steeper, 
its slope gets larger. So you know that the 
velocity increases as time goes on, and the 
velocity-time graph you just drew showed 
that the increases form a straight line. 

So, what are the units of 
acceleration, anyway? Surely I need to 
know that to be able to do calculations? 

Funny you should ask... 


Work out the imits of acceleration 


Velocity is rate of change of displacement, in other words how something’s 
displacement varies with time. You already worked out that its units are meters per 
second (m/s). 

Acceleration is rate of change of velocity, or how something’s velocity varies with 
time. Although you’ve met acceleration as a concept before, you now need to deal 
with acceleration in calculations. Which means that you need to know about its units. 


your pencil_ 

Fill in the blanks in the table to work out the units of acceleration. 


Hm 七 :It’s easiest *to >wvi*bc 
-tKc ur^iis as -fvattio^s *to 
v/ovk 七 hem ou*t bc-fov-c 

*bo mime 

siylc m/s a 七 vcv-y end. 


Quantity 

is rate of 
change of 

Units of the 
changing thing 

Units of time 

Units of 
quantity 

Velocity 

Displacement 

m 

s 

^ = m/s 

Acceleration 
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sharpen solution 



rpen your pencil 
Solution 


Fill in the blanks in the table to work out the units of acceleration. 


Quantity 

is rate of 
change of 

Units of the 
changing thing 

Units of time 

Units of 
quantity 

Velocity 

Displacement 

m 

s 

^ = m/s 

Acceleration 

Vc\ot\bf 

m/s 

s 

"s / z 

丁二 7 二你 / s 


2 


O 


s 2 is a weird unit. I guess I 
should think of them as something 
other than 'square seconds/ right? 


YouVc dividmg by sedortds 
iv/idc, so it v/o\rks oui ds rw/s z . 




Think of m/s 2 as (meters per second) per second 

Velocity is the rate of change of displacement, so its units are 
meters per second, or m/s. 

Acceleration is the rate of change of velocity, so its units are 

# c\ 

[velocity] per second, or meters per second per second, or m/s • 

This might seem weird at first, as m 2 is a visible area in ‘square 
meters/ but there’s no such thing as a ‘square second ’！ But if you 
instead think of the units as (meters per second) per second, it 
makes a lot more sense. 


S^uav-c bvadkcis avouy\d is 

sKov*tii3^di *fov o-(* - So Cvclodi*by3 

Wrts d vclod*i*ty• 


Tke units ol acceleration are m/s 2 , 
or (meters per second) per second. 

meav>s 'divided 
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displacement, velocity, and acceleration 


Plo 七 vclodi*ty vs. -time -fo\r -fallmg ball-bcavmj 


_I 

^ - TKcvc^s sf>dde dovm \\trt 

-fov you *fco siioy/ youv v/ovk. you are here ► 229 




pen your pencil 


a. Use your velocity-time graph to get a value for the acceleration of a falling object. 

b. Use that to work out the cage’s velocity when it’s been falling for 2.0 s. Is this less than 25 m/s? 






You alv-cady 

labeled *tKc 
yapK, cMost a 
vcviital stale 
dr>d plotted 

七 lie pom*U- 
















Time (s) 





















































































































































































































































































































































































































sharpen solution 


(^Jharpen your pencil 

Solution 


a. Use your velocity-time graph to get a value for the acceleration of a falling object. 

b. Use that to work out the cage’s velocity when it’s been falling for 2.0 s. Is this less than 25 m/s? 



time docs -the dage -fall -fo^? 
The dage -Palls ^ 1.0 s. 

height should the be? 
(Cow bad ■(» this ^f-nedeia^y.) 

今 e be goihg^SsSTthah, 

23 n./s wheh it hits the gv-ouhd? 


^V0 THIS HBXTH 

Mo, \i l s ohly gomg at 10 ^/ S) 
so 七 he woh’《 bv-cak. 





f[t^\crBhoY\ 二 Ra*tc o( o( vclodi*ty 


a 


Rcmcmbcv *to v/\ri*tc 
d。 物 v/ha 七 ••七 is 
youVc actually do*m^| 


d 


a 



■the pom*ts v/c t\\ost — i-f you 

Jv di-f-fcv 


These wcv-c 

乙 hose sli^rtly di-r-fcv-c^*b po'mts By\A 3 。七 a 
slightly diWcv-c^*t a^swev-, thaVs 0^ 


O^O - 0.00 

— ^ You tBv\ oK>ly ^uotc the a^swev- "to Z sd as -the 
1-^ m/s z (Z sd) ^ velocities a\rc o^ly plowed ok> the gv-aph -to Z sd- 


b. \/clodi*ty 3 -f*tc\r ZO s： 

Av 

Av — aA 七 


The s*ta\rts o-ff y/i*bh iC\ro velocity. 

So a ZO m/s m vdo^i-by mca^s 

it tY\ds up jo'm^ a*b 2-0 m/s. ^ {喊 *fmal a^sv/cv- should have 

^ Z sd, as the numbers you v/cv-c 

x 2-0 — ^ — 2-0 m/s (Z sd) wov-kmg y/rth o 的 ly have Z sd. 


This is less 2-^ m/s, so *t^c dd^e v/on’ 七 break, d^d -the plan is a 
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displacement, velocity, and acceleration 


Success! You worked out the velocity 
after 2.0 s - awd the cage won't break! 


You’ve just worked out that the cage will be going at 20 m/s after 
2.0 s, so the cage won’t break. - and the Dingo will be able to 
stop the Emu for long enough to deliver his party invitation! You 
got here by designing an experiment, which let you draw the 

displacement-time graph for a falling object. 


iVill 

be jomg so -fas*t 
Z.O s 
i*t bv-caks? 
lVha*t is i*ts 



1 VELOCITY? 



x 

A 


Graph of displacement vs. time 
for a falling object 


l^v-cas'mg slope 

that velocity 

is m£.\rcas'm^. 



Then, you used the slope at various points 
of the displacement-time graph to draw a 

velocity-time graph. 


V 


Graph of velocity vs. time for a 
falling object 

Co 灼 stairrb slope 
*bha*b is 

匕 OhS 七 3 的七 . 








Ball-bca\r*mg 




Displadcmc^*t 
o( ball - 
bcav-mj. 


Timcv 




Then, you used the slope of the 
velocity-time graph to calculate a value 

for the acceleration due to gravity, 

9.8 m/s 2 . 

Finally you used that value in the equation 

a = ^ , which you rearranged to 
calculate the cage’s velocity. 

The velocity is less than 25 m/s, so the cage 
won’t break. 


Tke Eartli’s gravity 
accelerates falling objects at 
a constant rate ol 9.8 ml s 2 . 


rj4 ^ia. 9 > 


0 .公 0 咎. 

0 ru ^ 
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gravity works 



I’ve seen values of 10 m/s 2 or 
9.81 m/s 2 for acceleration due to gravity 
used in other books. These values are 
both close to 9.8 m/s 2 but... 

The AP Physics B table of information 
gives the value of acceleration due to gravity 
as 9.8 m/s 2 . That’s what we’re going to use 
in this book. 

But surely I should practice with 
the value I’ll use in my exam? 

Yes, that’ll be fine. Your answers 
won't work out too different from ours, and 
the exact value you’re supposed to use will 
become second nature to you. 


I’m worried about the AP B multiple 
choice exam though. Doing calculations 
involving 9.8 without a calculator is a bit 
time-consuming, to say the least! 

That’s right - in the AP B multiple 
choice exam, you need to do mental 
arithmetic because you’re not allowed to use 
a calculator. But at the start of the multiple 
choice exam, it says ‘Note: To simplify 
calculations, you may use g = 10 m/s 2 in all 
problems.' 

Multiplying and dividing by 10 is much, much 
easier than dealing with 9.8 s, so there’s no 
need to worry about that. 


Hmmm. Why do you use ‘/s 2 ’ to 
indicate dividing by s 2 with units, but 
use 10 -2 to indicate dividing by 10 2 in 
scientific notation? 

These are the conventions that the 
AP physics course, table of information, and 
exam all use. It’s also possible to write m/s 2 
as ms -2 - using the same convention as you 
do for scientific notation. If this is what you're 
more used to, then do feel free to write your 
units like this instead. 

OK, so I got the value for the 
cage’s acceleration - but what about its 
displacement after 2.0 seconds?! 

You’ll work that out in chapter 7 ... 



Not so fast! All through this, weve been assuming that the ball-bearing 
and cage will both accelerate at the same rate. But don’t big things fall 
faster - so they must accelerate more than small things when you drop them!? 


Gravity accelerates everything at the same 
rate (if air resistance is minimal) 

Although everyday experience might lead you to think otherwise, 
the earth’s gravity accelerates everything at the same rate of 

9.8 m/s 2 if you ignore the effect of air resistance. 


Sometimes it’s 
useful to make 


The reason ‘light’ things like feathers fall more slowly than 
‘heavy’ things like ball-bearings or cages is because they’re falling 
through the air. The feather has a large surface area compared 
to its weight, so it’s held up more by the air. If the air wasn’t 
there, the feather and ball-bearing would land at the same time. 

Most of the time in physics, you’ll be dealing with things 
like cages and ball-bearings, which have small surface areas 
compared to their weight. Unless a question states otherwise, 
you can safely ignore air resistance. 


an assumption 
tkat sintplilies a 
problem so you 
can solve tke 
easier version. 
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displacement, velocity, and acceleration 


While were here, IVe been wondering how ifs possible 
to calculate an 'instantaneous* velocity at a single point on a 
displacement-time graph. Surely you need to use two points, so you can 
work out the change that happens between them?! 



iVhidhcvcv- *two po'm*ts you 

. A% ,,,,, 

dnoosc, v/ill be the same ； 
ds vclo^i*ty is 乙 o 灼 s&irrt 


You do need two points - but they 
can be really really close together 

The first time you calculated a velocity from 
a displacement-time graph, it was for a cyclist 
who traveled with a constant velocity. So the 
graph had a constant slope, and it didn’t matter 
which two points you chose to use to calculate 
Ax and At since the value of the slope (and, 
therefore, the velocity) was always the same. 



Now, you’ve had to deal with a falling thing for 
which the velocity is continually increasing. This 
produced a curved displacement-time graph where 
the slope was never the same from one moment to 
the next. 

You can think of calculating the slope at a single 
point on this graph as calculating Ax and At 
over a very, very small interval, using two points 
infinitesimally close to the point you’re interested in. 


A capital A implies 
tkat you mean a 
reasonatle-sized 


ckange in a quantity. 


|-f you v/air>*t *to daldulatc 
-tKc *ms*tav\*ta^cous vclo6*ty 
a*t a you r\ttA *to 

diioosc two pom*ts av-c 
vcally, v-cally, v-cally t\ost 
-toytKcv- - pv-attidally oy\ 
boy of cadii o 七 iiev! 



|-f you do i*t’s r»\o\rc toYYtC{, 

*to y/\r*rtc *ms*tcad o-f 

■fco show 


av-c 


m-fmi-tcsimally small- 


This medhs 
U sr»»allcv- thah dhy 
possible rwcasuv-c^. 

If you’re talking about an instantaneous velocity at 
a single point like this, a more ‘correct’ way of writing 
your equation is to use a small letter c d’ to mean 
'change in’ instead of a capital ‘A’. This means that the 
change is infinitesimally small. 

、- : ^ 

So you’d write the equation for instantaneous velocity 

as v = to make it clear that you mean an 
instantaneous velocity measured over a tiny, tiny change 
in x and t rather than the larger change that using Ax 
and At would imply. 

Practically speaking, there are two ways of calculating 

奢 : drawing a tangent (as you’ve already done) and 
using calculus (which isn’t part of this book). 
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almost done 


Now owto solve for the displacement! 

You know that the cage won’t be going fast enough to break when 
it hits the ground 2.0 s after being dropped, so it’s OK to go ahead 
with the plan. The notebook summarizes everything you’ve learned 
in this chapter about falling objects. 



Noics 


iime docs -tKc ta^c -fall ^ov? 
n/ The tay "falls "fov Z.O s. 

:參 WKa-t Kci^K-t should iKc tvanc be? 
_r(Come batk -fco -this -ne tessavy ) 



iVill 七 be -fastev- 七 ha 妁 
Z5 m/s y/Kcr> i*t V>i*b yound? 




^V0 THIS FIRST! 

Uot its or^ly gomg a*t 2-0 m/s, 
so {\)t v/。 外 bv-cak. 



You wovked ova 七七 ^ ar\d 

七 1^ velocity — k\oy/ you j “ s 七 

{jo dal^ulatc *b^c disflatcw'C^t 

As the addclcvaiioh is 
七 he ^CCt ICvatioir>—*tinr»c is 

a -Plat I'mc at a — m/s z . 




ded 


I y/o\rkcd ou - 


Dispbdcmc>vt 

A 



Time 



A ^^ clcv - a-tioh 

A 


a 二卞召 m/s Z 


This is -the value you’ve worked 
oui (or addclcvatioh due -to 
jv-avi-ty - i^s 





Pispla 以你 ⑼七一 yafK 

is^*t a s*tva’ 吵 *t \^) 

so slofe is do^tmually 

TiiCVC*fov-c, you 
cav\ or\ly iiiis c<\uatiov> 
-fov small 

dKa^^cs'm % ar^d *t- 



Vclodi-ty-iimc jvaph 
is a s-tv-aijh-t I me, so 
a^dclc\ratior\ is do^s-ta^-t 
-Pov* b*Jo po'm*ts oy\ it 


These avc 七 he graphs 
you’ve y/ov-ked out. 


Po^*t v/ovvy i-f pay 
looks m£.or«plc"tc — you II 
be dddm^ move *fco youv* 
y\o*tcbook \ y \ diiap*tcv 1 - 


The Dingo’s plan to stop the Emu and invite him 
to the birthday party is taking shape! 

So it’s on to chapter 7 - where you’ll calculate 
the cage’s displacement after 2.0 s. so that the 
Dingo knows how high to set the crane platform . 
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displacement, velocity, and acceleration 




Constant 

acceleration 


Something with constant acceleration has a straight line 

Av 

= At 


velocity-time graph described by the equation a 



Falling 


Something falling close to the Earth is accelerated 
by gravity at a constant rate of 9.8 m/s 2 _ 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 6 under your belt, 
and you’ve added some terminology and 
problem-solving skills to your toolbox. 


Expcrimchi -> grafii -> e<\ua£ioh 


W\\CY\ you do ah you II usually use -the results -to 

draw a gv-aph, *tKch use -the slope -the graph b> wov-k ou-t 
>*tioh. 


Slope o-f a grafh 

The slope o-f a displadcmch*t—time yaph 
is c^ual -fco 七 he velocity. 

The slope a velodi*ty — 七 ime yaph is 
c<\ual *to -the addclc\ra*tioh. 


Cov\siav\i a^clcvation 

|-f sowBVi% has do^s*ta^*b vclo6*by, »*b 
displadcmc^ m^vcascs move d^d I^ovc 
sttoY\d as -time ^ocs o^. 

|*b vclodi-by-ti^c yap hhas a 
slope c<\ual bo *rb a^clcv-atio^. 


At6clcvatioir> due *to yavit/ 


Consta^*k vclodi*ky 

|-f sowbW^ has £.o^s*ta^*b velocity ； »*b 
displacement m^vcascs a*t 3 steady 

This med^s that rbs displadcmc^-b-timc 

yaph has a 乙。灼 s^ta^rt slope c<\ual "to >*U 

vclo6*by* 

Somc*blii^5 Vrbli a £.o^s*td^*b vclodi*ty ^3 S 

a 於 d 6 £.clcv*a*bio^ of z^vo, as i*b vclodi*ty 

•is〆 七 


Fall mg object 

A Allmg object is addclc\ra*tcd 
by gravity - so has a dohs-taht 

dddclc^rd'bioh o-f ^.0 nr\/s 2- dov/hv/d\rds 
dlosc -to the the Earth’s suv-*fadc.. 
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7 Ecjuqtions o? motion (part 1) 


參 Playing With Equations ♦ 



It’s time to take things to another level. 

So far, you’ve done experiments, drawn graphs of their results and worked out equations 
from them. But there’s only so far you can go, since sometimes your graph isn’t a straight 
line. In this chapter, you’ll expand your math skills by making substitutions to work out 
a key equation of motion for a curved displacement - time graph of a falling object. And 
you’ll also learn that checking your GUT reaction to an answer can be a good thing. 


this is a new chapter 
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whafs the displacement? 


How high should the crane be? 

The Dingo wants to invite the Emu to his birthday party - but 
the only way he’ll get him to stay still for long enough is by 
catching him in a cage! 

In chapter 6, you figured out that it takes the Emu 2.0 s to get 
from the corner to the target on the road while running at his 
constant speed. 


The Emu takes 
Z.O s -fco av-vivc 

at 七 he tav-jet 


You also figured out that the cage’s velocity after 2.0 s won’t 

lead to it shattering on impact, by drawing its velocity - 

• • _ Av 

time graph and working out the equation a = . 

But the Dingo wants to know how high to set the crane. 
Which means that you now need to work out the cage’s 
displacement after it’s been falling for 2.0 s. 


The displacement 

一 -time yaph is duv-ved, so you 
七 wbrapolate … 




iVhat is the 

displa^cmc^*b o-f 
the a-ftev it’s 
-fallen -for Z O s? 


You already drew a displacement - time 

graph for a falling object, but you can’t 
extrapolate it to read off the displacement 
after 2.0 s because the graph is curved. 





If you can’t read the value for the 
displacement after 2.0 s off your 
graph, what can you do? 
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equations of motion (part 1) 


OK, so we have to figure out the cages 
displacement after ifs been falling for 2.0 s. 

Are we absolutely sure we can't just extrapolate 
the displacement-time graph we drew before? 


DisplaceD 

A 

3.00 



The limit youv 

y/3s dv-opp'mg sorncthmj 
f\rom ?>.00 n\, 

■took OHQ s. 


^ Time fs) 



one 


Jim: It’s a curve, so we don’t really know what it’s going to do next. If 
the last point we’d plotted was close to 2.0 s we could probably make an 
educated guess, but not when we’re so far away. 

Frank: But 0.78 s is only a little bit less than 2.0 s. We’d only need to 
continue the graph for another 1.22 s - that’s hardly any time at all! 

Jim: It’s a lot of time compared to what we already have. We’ve plotted 
less than half the graph between t — 0.0 s and t — 2.0 s. 

Joe: Maybe we could try working out an equation, like we did before 
to get a value of the cage’s velocity from its velocity - time graph? 




ou did this 

•m 乙 


Grapks arut 
equations are 
totli ways oi 
representing 
reality. 


'ranK ： but the velocity - time graph is a straigJ 
Our displacement - time graph is a curved line! 

Jim: Yeah, I dunno if it’s possible for a curved graph 
to be represented by an equation. 

Joe:: I’m sure it must be possible, if graphs and 
equations are both ways of representing reality ... 


货备 MM 


Do you think it’s possible for a 
curved graph to be represented 
by an equation? 
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graphs and equations 


Graphs and equations both represent the real world 

Graphs are a way of representing the real world visually. 

Equations are a way of representing the real world 
symbolically. They both allow you to predict what will 
happen to a quantity when other things that affect it 
change as well. 

_ Av , 

For example, a = -^ is the equation for the cage’s 
velocity-time graph. The equation and the graph both 
represent the same physical reality. The equation shows 
you symbolically how the velocity, acceleration and time 
interrelate when the acceleration is constant. If you know 
values for two of the quantities in the equation, you can 
use the equation to calculate the third by rearranging 
the equation. 

You da^*b 

yaph, as i*t’s duwed. 


x 

小 


Displacement - time 


But i-P you 乙 wo\rk 
out By\ c<\uatioh 
that \rcp\rcschts the 
Soirwc you C3iY\ 

solve the J>\roblcrw. 







So, if you can work out the equation that 
represents your displacement - time 
graph, you’ll be able to use it to solve the 
problem of how high the cage needs to be. 



But I thought we said earlier that 
we caiVt form an equation using Ax and At 
because our graph isn*t a straight line? 


That’s right ■ we’re not going to use 
Ax and At this time. 

Originally, Ax and At helped with the concept of 
finding the slope of a graph using the change 
in x and t between two points. But as the slope 
of this graph is continually changing, you’d have 
to put the two points so close together it’d be 
impossible to measure the changes! 

Instead, you’ll use a different variable to 
represent the displacement and time at each 
point you’re interested in. 


Use a diiierent 
variable to represent 
eack ol tke values 
at tke points you’re 
interested in. 


0 & 0 0 











equations of motion (part 1) 


You're interested iw the start awd end points 


We’re only really interested in two points in the cage’s motion - the start 
(when it’s on the platform) and the end (when it hits the ground) 
want to calculate the cage’s displacement between these points. 


as we 


In the equation you work out for your curved displacement - time 
graph we’re going to use variables to represent every value we might be 
interested in at these start and end points: 


x Q is the displacement at the start (when t — 0). 
v Q is the velocity at the start (when t — 0)., 

/ ’x is the displacement at the end. 
v is the velocity at the end. 

a is the acceleration (which you already know is constant). 



The K 0> is pa\rt o( variable 
and is called a subscript 


— your pencil 


Thcve^s y\o 
as value 
always -the same 


po’m 七 m a 。 3) 
t (or addclcv-a*tio^ is 


You dal I this 1 v i-P 

—2 一 

You -tell i\\ai v a^d arc 

both disfladcmcr>*b bcdausc -they 
use -the lc*t*tcv- v. Bu*t -thcyVc 
di-P-Pcv*cr>*t because -they 

have di 以 W ⑶七 subsdv-if*ts. 


Use tke same letter to 
represent tke same type 
oi tiring，and subscripts 
to say wkick is wliidk 


We’ve drawn in the interesting start and end points 
on your velocity - time graph. 


b. Use the values on the graph to rewrite this 
equation as an equation involving a, v 0 , v and t. 


velocity 

A 


Graph of velocity vs time for a 
falling object 


A 

You miglvt 

-Pihd it 

hdp-Pul -fco 
d\folw o\r 
w\ritc oh 
the g\raph. 

v c 

po’m 七 . 



0 


This is how -the 
vclodi-ty o( 七 he 
would 
bo 

i-P it hadir /七 jus 七 

hi 七 -the o/ro\AY\dl 

7> 

time 


a. Write down an equation you already know that 
involves a, Av and Af. 


c. Rearrange your equation so that it says 
"v = something”. 
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general equaf/ons 


(^Jharpen your pencil 

Solution 


We’ve drawn in the start and end points we’re 
interested in on your velocity - time graph. 



a. Write down an equation you already know that 
involves a, Av and Af. 

二 Ra*tc o( o( vdodi*ty 


Av 



b. Use the values on the graph to rewrite this as 
an equation involving a, v 0 , v and t. 

Av 一 

a 二疋一 T ^ Q ： 

V — V 

o 

d 二 — ; — 


c. Rearrange your equation so that it says 
"v = something”. 


V o 


a = 

七 K 

一 /Multiply both 


1C- 

V — V 

sides by t. 

ai = 


1 

■ — ^ Add *to 

+ ^ = 

1 

both sides. 


Now you have v 一 v o + a 七 Swap 七 he 

v on rts ovm. sides ovc\r. 



Are we putting in letters, like T for time, instead 
of values, like 2.0 seconds, to make it more general? 


You want your equation to be as general 
as possible so you can use it elsewhere. 

At the moment, you’re dealing with a falling cage. You 
could stick in the numbers you already know (t = 2.0 s, 

a = 9.8 m/s 2 ) but then you’d end up with an equation 
that you can only use once. 

If you leave everything as letters for now and only 
put the numbers in at the end, you’ll end up with a 
general equation you can use to deal with falling 
things, jet skis, racing cars ... anything that has a period 

of constant acceleration. 


H your 
equation is 
general, you 
can reuse 
it in otker 
problems • 
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equations of motion (part 1) 


thereiore no ^ 

Dumb Questi9ns 


Why did you choose particular variable names, like v (with 
no subscripts) for the final velocity and v 0 for the initial velocity? 

It's a common convention to use x 0 and v 0 for the initial values 
of displacement and velocity and x and v for the final values. It's 
what’s used in lots of textbooks, as well as the AP Physics B exam. 

Q/ But the convention isn’t consistent! The initial velocity 
is called v 0 , but the initial time doesn’t even have a symbol - we 
just put in its value of 0. 

The convention assumes that everything you’re interested in 
starts at f=0. The ‘0’ subscript in v 0 stands for ‘at f=0”，so you can 
read v 。 as "the velocity at f=0". Similarly, t 0 would stand for “the time 
at f=0”. So there's no need to bother with a f 。 symbol, as you already 
know that t=0 when f=0! 

Do I have to use these letters? Before, I’ve used s instead 
of x for displacement, and u instead of v 0 for initial velocity. I’m 
finding this confusing! 


So what physics concepts are the most important here? 

A graph and an equation can represent the same thing in real 
life. In this problem, they both describe what happens to the velocity 
of the falling cage as time passes. 

OK. But why have I used letters in the equation when I 
already worked out all the values of the things in the equation?! 

I know what v, v 0 , a and t are for the falling cage! 

One reason is that you can reuse a general equation again and 
again. If the crane is a different distance away from the corner, the 
cage would fall for a different time. Your general equation, v = v 0 + af, 
will give you the value of v for any time. All you need to do is put in 
the new numbers. 

And the other reason for not putting in the values yet? 

If you keep the equation general, you'll be able to use it for 
anything with constant acceleration, even if it isn't 9.8 m/s 2 . All you 


The main thing is that you understand the physics concepts 
that lie behind the equations. It doesn’t matter which set of letters you 
use for that. It's fine to show your work using the letters you’re more 
familiar with that already make sense for you! 


need to do is to put in the new numbers for your new problem. 


Hey! Were supposed to be figuring out 
an equation for displacement, x. But the 
equation we just worked out doesn’t have an x 
in it, so how’s it gonna help?!?! 


The equation shows how different variables 
depend on one another. You can use it as a 
stepping stone to get what you really want. 

Your equation v = v Q + shows you how the variables v, v Q , 
a and l depend on each other. But it doesn’t have an x in it, so 
you can’t use it to directly calculate a value for the displacement, 

However, as displacement is rate of change of velocity, the 
displacement and the velocity must depend on each other. So 
although you can’t use this equation directly, you’ll be able to 
use it as a stepping stone towards calculating the displacement 
of the cage after 2.0 s. 
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velocity and displacement are related 


You have aw equation for the velocity - 
but what about the displacement? 

You’ve worked out the equation v = v。+ a, ， which 
comes from the slope of your velocity - time graph. It 
gives you an object’s velocity, v, after a certain amount 
of time (if you know its initial velocity, v Q , and its 
acceleration, a). 


The ho-tebook keeps 
tv-adk of 
youVc at so -fav-. 


This 

^ives you 七 he 
vclod'rty a-P*tcv- a 
devta'm amount 
<Jc tlW'C- 



-Po\r *thc velocity 

Used slope o-P velocity - *time 

*to >wo\rk ou*t *thc addclcvatioh, 

■thch \rca\r\ra^5cd *thc c^uatioh. 

今 raph velodiiy vs -time 

\/clodi*ty *fo\r W\{\\ 

/s) tor\s*tar\*t addclcvatioh 



Fov- a -falling 七 11— v — O m/s 
doy/hy/av-ds i-f you d\rop it -Pvom 
a s-tdhdm^ ■七 

Fov a *tiVm 少 a 二卞钐你 A 1 

ai all 


Bui the e«\uat_cm doesn't 
have ^ \y\ y/hidh is y/ha 七 
you ire micv-csicd \J 


But what we’re really interested in is the 
displacement, x, after a certain amount of 
time. If you have an equation for that, you 
can say how far the cage will fall in 2.0 s. 

The velocity equation might be useful later on, 
as velocity and displacement must be related 
somehow. But right now, you really need an 
equation with an x in it to move forward ... 



How might you get an 
equation that involves 
the displacement? 
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equations of motion (part 1) 


Tke average velocity 
is tke same as tke 
constant velocit 
you could kave 
gone at to cover 
tke ctisplacement 
between your start 
and end points in 
tke same time 


rpen your pencil 



What about the average velocity? 
Doesn’t that have something to do 
with displacement and time? 


O 


Get the average velocity from the 
total displacement and total time. 

The average velocity of the cage between its 
start and end points is given by the change 

in its displacement divided by the change in 

_ Ax 
time， V avg - ^ 

v is the average velocity - the same as the 

avg ^ J 

constant velocity that an object would need 
to travel with to cover that displacement in 
that time. 


As Ax is the change in the displacement 
between the start and end points, the 
equation for the average velocity will have an 
x in it - which is what you want to calculate! 

is 七 he displadcrwChi 
a 七 the tt\A poiht 




Time 


a. Draw a line on your displacement - time 
graph to represent the cage’s average velocity 
between times 0 and t. 

b. Use the graph to come up with an equation 
for the average velocity, v avg , in terms of x 0 , x 
and t. 
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sharpen solution 


(^Jharpen your pencil 

Solution 


Graph of displacement vs time 


Displacement r r ■. 

水 for a falling object 


Awajc vclodi*ty is 


x 


X, 



0 



YouVc y/ovkm^ ou*t 七 he 
avev-a^e velocity beW ⑼- 
youv s*ta\rt d^d cr^d fom*ts. 


>Time 


a. Draw a line on your displacement - time 
graph to represent the cage’s average velocity 
between times 0 and f. 

b. Use the graph to come up with an equation 
for the average velocity, v avg , in terms of x。, x 
and t. 


Awajc vclodi-ty 


Total displa 匕 cmwt 
Total *tirwC 


V 


aq 


Ax 

% - % 


- >c 


o 



V 


o 


aq 



E’uaW 心 如 vg ' o6 ^l 

⑹ d tVveUvb/ : We 
ya— to 讀 k 如 atukra «o^, 

i^tr\ yrcav-v-a^^cd c<\uat»o^. 

d veU •，切 vs "Ue 



Ti^C 


M 


二 V 


0 


at 



£<\u at_o^ (or -fche velodity 

Used *thc displadCmCh*t - "time *to 
work ou*t *thc average velocity- 




c^uatio^ y/i-th >c \ y \ i-t, 
y/hidh is y/ha*t I v / 扣 七 ’ 
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equations of motion (part 1) 


This stinks! Now weve got an equation with an x in it, 
but ifs got the cages average velocity in it as well - and 
we don’t know what that is!! So we can’t work out the value of 
the displacement. How’s that supposed to help?! 



That’s right ■ we don’t know the 
value of the average velocity. 

You’ve come a long way, and have two 
equations from the graphs you drew: 

a.t and v 


x - x r 


V — V. 


avg 


The second of these equations has an x in it, 
which is what you want - but it also has v a 
the average velocity, in it. 


avg’ 


Since you don’t know what the average 
velocity is, you can’t use this equation to 
calculate x and tell the Dingo how high to 
put the crane platform right now. But you’re 
definitely making progress ... 





Bu 七 you do / 七 
k^ov/ v , so you 

-figure ou 七火 



is ■必 


s i s 
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substitute for unknown variables 




So weve got two equations - thafs 
gotta be a good start. 


0 


ai 




m 


V 


X - X 


Time 

Cs) 


o 


a% 


A ... 一 


Jim: Let’s just see how they help us. I’m gonna put a question mark by 
the x, because we want to work that out. Then I’ll tick what we already 
know values for, and cross the variables we don’t know ... 






令 J 





u i - 

▲ Time 

苓 二 ? 〆 二^ 


^ v 3 




•- ♦务， * 


Jim: ... hmmm, neither equation helps us. The one on the left is for the 
velocity, v, which we’re not interested in. The one on the right has the 
displacement, x, in it, which is what we want to work out... but it also 
has the average velocity, v , in it. And we don’t know what v is. 

◦ " avg^ avg 

Joe: Is there another equation we can use? 


II you cton’t 
know tke value 


Frank: What do you mean? 

Joe: Our problem is v , right? We can’t just rearrange the equation 
to say “x = something” and put in the values for the other variables 
because we don’t have a value for v . But what if there was another 

擊 avg 

equation we could use to calculate the value of v ? 

丄 avg 

Frank: I like your thinking. But we already worked out v the only way 

avg 

we know how - from the slope of our displacement - time graph. 


Jim: Hang on! What about our velocity - time graph? Maybe if we 
look at that, we can eyeball a second equation for v . 

) J 1 avg 

Joe: You might be on to something there ... let’s try it! 


lor a variable 
in your equation ， 
try to iind 
anotker equation 
wkick includes 
tkat variatle. 
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equations of motion (part 1) 


See the average velocity ow 
your velocity - time graph 

You’ve already worked out one equation for 
the falling cage’s average velocity, v a g ，from its 

displacement - time graph. 

Now you can use your intuition to spot v avg on the 
cage’s velocity - time graph , which will lead you 
to a second equation for the cage’s average velocity. 

(And once you know the cage’s average velocity, you 
can use that to get its displacement, which is what 
you really want to know!) 


:^|^rpen your pencil 


You v/a 灼七 

bo k 灼 。 >/ 乂 

Bu*t you doir /七 \ 
k^oy/ v 、 ^ 

aq 


x = 0 m 



7v = 

V avg ty 


l-f you v/ovk ou 七 

•fov- v , you 乙 3 灼 
make a subs*ti*tu 七 ion 
■fco v-id o( i*t' 


00 : 02.00 

t = 2.0 s 









Itll be sorwey/heve 

bctv/cch v ar>d v. 


o 


a. On your graph, draw in where you think the cage’s average velocity is between times 0 and t. 



c. Circle the equation from the choices on the right that 
matches most closely with your ideas. 


avg 


2 


^0 


0 


avg 


^0 


avg 


0 


avg 


2 


::^ s J -y 
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sharpen solution 


Sharpen your pencil 

Sobtion 



Itll be sonr»c>whcv-c 

between v ar>d v. 


o 


a. On your graph, draw in where you think the cage’s average velocity is between times 0 and t. 


velocity 

4v 


Graph of velocity vs time for a 
falling object 



time 


b. Explain how you worked that out visually. 

I *tlVmk ^ will be hal-fway between v. 

I 的 i*t1l be avcv-ajc a^d 

The c^ua*tio^ fvc picked adds -fcojc^cv- by\A v divides 
by X, v/hidh is how you *tdke By\ avcv-a^c o-f Z ^umbc\rs. 

c. Circle the equation from the choices on the right that 
matches most closely with your idea. 


avg 


2 


^0 


0 


avg 


^0 


avg 
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I didiVt do that. I tried putting in v 0 = 0 and t = 2 
into the equations, since those are the values for bingo's 
cage problem. But all the equations gave me the same answer! 



The right equation will work for ALL values of v 0 and t. 

If you tried putting in the Dingo’s values for v Q and t into the equations, 
then well done. You’re definitely thinking along the right lines. 

If you’re still not sure which equation is correct, the next thing to do is to 
try some different numbers for v 。 and t and see what happens. 

Even if you think you already know which equation is right, it’s always a 
good idea to double-check it with some numbers. 

























Test your equations by imagining 
them with different numbers 

If you’re not sure whether an equation’s right and want 
to test it, you can try some numbers in it to see if the 
answers you get are plausible. 

You have four different equations for v ayg to choose from. 
They can’t all be right! So it’s time to try some different 
values for v, v Q and t in each equation to see which gives 
you consistently sensible answers that are the right size. 


equations of motion (part 1) 

v may r\o*t be O m/s. i-f 
is alvcady 

v/licn you start 七你 ev. 

1 、 t CoM be a^ytnmj 

dll ； hot JUS-t Z O S. 



rpen your pencil 


FMlin the table to show the value for v avg given by each of 


these equations for various values of v 0 , v and t. 



SIZjC 




Possible 
equation for 

V avg 

v 0 = 0 m/s 
v = 10 m/s 
t = 5 s 

v 0 = 0 m/s 
v = 10 m/s 
t=100 s 

v 0 = 9 m/s 
v = 10 m/s 
t = 5 s 

Does this 
equation SUCK? 

v - V 

2 

10-0 m/s c . 
- = 5 m/s 

2 




v + V 

t 





v - V 

t 





v + V 

2 
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is acceleration constant? 



Fill in the table to show the value for v avg given by each equation 
for various values of v 0 , v and t. 


Possible 
equation for 

V avg 

v 0 = 0 m/s 
v = 10 m/s 
t = 5 s 

v 0 = 0 m/s 
v = 10 m/s 
t = 100 s 

v 0 = 9 m/s 
v = 10 m/s 
t = 5 s 

Is this equation 
plausible? 

v - V 

—4.0 

2 

10-0 m/s c . 
- = 5 m/s 

2 

10 + O m/s , 

一 V ti\f S 

Z 

l0_ 

z 

No. | 灼 

a^swev- *thc avcv-ajc 
mus*t be between ^ 
By\A 10. |-t 1 如 ’ 七 , 

v + v 0 

\0\ 0 m/s o 

一？ ul /r l 

,0 + 0mA - 01" 二 

叫 A z 

No. The uir\i*ts a\rc 
v/\ror\^ 3r\d *thc 2-y\A 
^V"d air\sy/c\rs 
a\rc way -too low. 

t 

^ s 

IOO s 

— p. s 

^ s 

V 二 V n 

\0 ^ 0 tt \/s 9 

— 9 /t-2 - 

10 - 0 你 /s 一 ( z 

10-1 m/s^ 7 z 

No. The u^i*ts a\rc 
y/\roir\j 七 he 2-Y\d 

^\rd a^sy/c\rs 
a\rc v/ay -boo lov/. 

t 

—— Tt\f S 

今 s 

100 s 

—— Tf\/ S 

^ s 

0 

\Q\ Q m/s , 

— v tt\f S 

z 

10 + O m/s , 

— V m/S 

1 

- - -^. 

，0 + ^ /s ^.^A 

z 

Yes. /\H 

air\sy/c\rs -fo\r v a\rc 
between v a^d 
y/hidh is sensible- 


r 


Tiic 矿吵七 
c«\ua*tior\ 

-fov v 




The equation only works when the 
acceleration's constant, right? 


、/ I . 丄 v is m 七 he middle 

Vcl : 切 addeleraW 


That’s right ■ the average velocity will be 
different if the acceleration isn’t constant. 

This equation only works because your velocity - time 
graph is a straight line (your object, the cage, has 
constant acceleration). 

If you didn’t know what happened in between the initial 
and final velocities v Q and u, you couldn’t work out the 
average velocity. If someone goes at 1 m/s for most of 
the time then at 5 m/s right at the end, they won’t have 
an average velocity of 3 m/s as they spent most of their 
time travelling slowly. 


v 



aq 


Velocity 

A 


V 





aq 



Time 

l-P you spcr>d rwovc 

TlMB 3 om 3 s l o>w ly, 

v y/ill be slow. 






Time 
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equations of motion (part 1) 


Calculate the cage's displacement! 


You’ve used your displacement - time and velocity - time 
graphs to work out some equations that describe what 
the cage is doing as it falls towards the ground. 

Now, you can use them to calculate a value for the cage’s 
displacement after 2.0 s! 




avevac\e vclo^i-ty 七 ior> 

Used 七 he vclod'rty - -time 
io wovk ou-t iKc average vclod'rty. 


\/t\ot\ 


^v-aph o-P vdodi-ty vs "time 
A ^1 ^ -fov somc-thihg with 
dohs-ta^-t addelev-aiioh 



\y\ c^uatio^ y/itK % \y\ it, 
is y/ha 七 I viSm'i! 
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sharpen your pencil 



rpeii your pencil 


The dajc has -to -fall -Pov- Z.0 
sedo^ds, by\A atddciraiio^ due 
to jv-aviiy is ^.0 m/s z . 


a. Draw a sketch of the cage and platform, with 
/O values and/or vector arrows representing what you 
already know about x, x 0 , v 0 , v, a and t. 

TKis tolla-tcs 七二 Os 

•tojc-tiicv all O ^ 

irvfovmatio 灼 you 
dlv-eddy kr\ov/ m 
a visual -fovma*t- 



Bach pavU tWis pvoblc 
involves us'm^ d di«ev •⑼七 
C®\u3*tjo^ you ovi^mally 
y/ovkedi ou 七 -fv-om youv ^vap^s. 


You know how high 
the crane should be! 

You’ve calculated the cage’s 
displacement after 2.0 s, so you 
know how high the crane should 
be - an awesome result! 

At last, the Dingo will be able 
to make the Emu pause for 
long enough to invite him to his 
birthday party ... 


Start every problem 
witlt a sketek to tring 
togetker every tiling you 
know in a visual way. 

Tken use wkat you 
already know to work 
out wkat you don’t know. 
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equations of motion (part 1) 


Put now the Pingo needs something more g 觀 ral 


But the Dingo’s soon back, with the sad news that his crane won’t 
go high enough! What’s more, he’s not sure where he’s going to find 
another spot for the crane, so has to stay flexible. 

The Dingo really needs to be able to work out the cage’s displacement 
for any time that the Emu might take to get to the target. 


We can already do this, yeah?! You use the 
time and acceleration to calculate the velocity, 
and then you use the velocity to calculate the 
average velocity, and then you use the average 
velocity to calculate the displacement! 




You don’t want to do all of that every time 
when you just want the displacement! 

You’re right - you can do this by calculating intermediate 
values for v and v every time you want to know a new 

avg J J 

value for x. But to go through all of that every time you 
want to calculate a displacement isn’t very efficient, and 
will take a long time. 

What you really want is an equation that says 
“x = something” where the right hand side only contains 
variables that you already know values for (x Q , a and 
t). Somehow, we need to “get rid” of the intermediate 
variables v and v from your equations to come up with 

avg J 1 1 

a general equation for the displacement that you’ll be able 
to use again and again. 




This is c^ad-tly 
v/ha 七 you did cm 
the opposite pajc- 


TKc -time you sfcy\d ybt’” 
youv c^ua*tioir>s m*fco tiVis 
-fovm y/'ill be made up by 
time you save by 







Can you think of any way of using the equations 
you already have to “get rid of’ v and v avg , the 
variables you don’t know - and don’t want? 
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substitute in your equations 


A substitution will help 

Suppose you have two equations, that say u e — 2b 
and “e 二 c + i’ respectively. By definition, the two 
sides of an equation are equal. 


Both equations say u e = ，’ on one side. So 2b is 
equal to e and c d\s also equal to e. 

Therefore, we can write down the new 
equation: 2b 二 c + d. This works because if 2b 
and c + d are both equal to e, they must also 
be equal to each other. 

This is called making a substitution 
because the equation you’re left with doesn’t 
have any mention of e in it. It’s like the e has 
been substituted and gone off the playing 
field, like substitutes do in sports. 



71 

^/ o\a dah subs-ti-tu*tc \ y \ 

W 2*b” -Plrorw the -fivs-t 

time you see ah l V’ ’m 
the sedo^d c^uaiioh. 


Or\tt you vc substituted v 

-Pov KK t \ youVc v/rth 一 ~ 

ar> 七 ha 七 docsv> *t 

Kavc KK t \v\ i*t a 七 all. 




You can get rict ol 
a variable tkat isn’t 


kelpiul to you ty 
making a sulistitution. 


Substitution can be useful if ^ is a quantity that’s difficult to 
measure, but you’re interested in the other variables in the 
equations. Instead of having two equations which both have 
an e in them, you can combine them to completely get rid of 
the e by doing a substitution. 


/N p 0 ^*t >wov-vy i-f youVc r\oi suv-c Koy/ d 
subs*ti , tu*t.ioir> y/ill you \wVtii 

^voblcw' yd WicVc almost "tiicvc … 
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equations of motion (part 1) 



Dumb Quest! 


ons 


Can I do substitutions with any 
equations I like? 

Only with equations where there’s 
some form of overlap between the 
variables. In the same way that some 
dominos don’t match, some equations 
don’t have any variables in common. 

So if your equations are a = jb and 
c-d, you can’t make any substitutions 
because there’s no common ground. 

What if I have two equations, 
but the letters mean different things. 
Like in one equation "a" means 
acceleration but in another “a” 
means altitude? 

Then you can’t make a 
substitution. The letters need to 
represent the same thing each time for 
it to be meaningful. 

If I’m given some equations 
to use in a test, how am I supposed 
to know what the letters in them 
represent? 

Many exam boards provide an 
equation sheet. For example, the AP 
Equation Table gives you a list of what 
the letters stand for in the equations 
for each section of the syllabus. You’re 
doing Newtonian Mechanics at the 
moment, so should look in that section 
to find out what the symbols mean. 


But I don’t really want to 
look backwards and forwards to an 
equation table all the time to look up 
what the letters mean. 

That’s why we've mentioned 
what each symbol means as we’ve 
introduced it, and keep on slipping 
in hand-written reminders when they 
come up again. You’ll pick a lot up as 
you go along, which is great if you're 
doing the AP course as you don’t get 
an equation table at all in the multiple 
choice part! 

So if I get used to the 
equations by USING them, I won’t 
really need the table at all and can 
go a lot faster? 

You got it! It can be nice to have 
the equation table to double-check 
what you think you can remember, to 
check units or simply for inspiration 
if you’re not sure where to go with a 
problem. 


But learning the equations through 
understanding and using them is the 
most successful route. 


But the equations on the 
scales over there aren’t physics 
equations! 


A: OK, 


so it’s time to get back to the 


Dingo’s crane where your substitution 
skills are about to come in handy... 


You can only substitute 
one equation into 
anotker il tkey kave 
at least one variable in 
common between tkem. 


II you’re working 
witk more titan one 
equation, make sure 
tkat tke same letter 
represents tke same 
tiling in all of tkem! 
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rearrange equations 



O 


But what if I want to get rid of a 
variable that isn’t sitting on its own on one side of 
equation. How do I do a substitution then? 


You can rearrange one equation so the 
thing you want to get rid of is on its own 

If the equations you’re dealing with don’t have v on 

1 J ° avg 

its own, you’ll have to rearrange at least one of them 
before you can make a substitution. 

But once you’ve rearranged one of your equations to say 
“v = somethinsf’，you can insert the “something” into 

avg CD ' y o 

your second equation every time you see v' g mentioned. 



You can make 
sutstitutions 
using any 
ecjuation as long 
as you’re atle 
to rearrange it. 



Dumb Quest! 


9ns 


Making a 

sutstitution 
instead oi 
calculating 
intermediate 
values saves 
you time in 
tke long run. 


Why is it useful for me to make a 
substitution? 

Sometimes the equation you want to use has 
a variable in it that you don’t have a value for. If you 
do a substitution to get rid of that variable, you'll be 
able to use the new equation to get what you want. 

How do I get rid of a variable by making a 
substitution? 


What’s wrong with just calculating a value 
for the variable and putting that in the original 
equation instead? 

There’s nothing inherently wrong with that 
-but it’s a process you’ll have to repeat again and 
again in the future if you want to do the same 
calculation using different numbers. You also might 
run into problems with rounding your intermediate 
values, or making a calculator typing mistake. 


You also need a second equation that contains 
that variable. If you rearrange that equation so that 
the variable you want to get rid of is on its own on 
the left, you can then substitute in everything on the 
right hand side every time you see that variable in 
your original equation. 


Q ： seising a substitute 


same as calculating an intermediate value, 
except with letters not numbers? 


Great spot! Instead of substituting in a value 
for the variable, you’ll be substituting in some other 
variables that it’s equal to. 
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equations of motion (part 1) 


fret rid of the variables you don't 


wawt by making substitutions 

You’ve managed to work out three different 
equations from your graphs. 


But there are a couple of variables, v and 
v , which you didn’t know at the start, and it 

avg^ J ) 

would be good to get rid of them by making 
substitutions so that you don’t have to spend 
time calculating them. 


If you can do that, you’ll be left with a general 
equation that gives you the displacement after 
any time, but doesn’t include v or v. You’ll be 

J ) avg 

able to use this equation to work out how far the 
cage falls in any time - and also for any problem 
where an object has constant acceleration. 

So, it’s time to get on with making some 
substitutions to get rid of the variables you don’t 
want, v and v . 

) avg 



E^uaiiohS -Po\r 



r your pencil 


The equations you’ve worked out so far (with the variables you knew 
values for at the start checked off) are in the notebook above. 


Decide which of v avg and v is the easiest to get rid of first by making a 
substitution. Then go ahead and do the substitution! 
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do the easy parts first 


(parpen your pencil 

Sobtion 


、+ a 七 



% — % 


0 


z 


0 


The equations you’ve worked out so far (with the variables you knew 
values for at the start checked off) are in the notebook above. 

Decide which of v and v is the easiest to qet rid of first by making a 

avg 」 J u 

substitution. Then go ahead and do the substitution! 


I dl\reddy have -two c'ua*ticms -that say w v 二 som 
subs*ti*tu*ticm *to \rid o( v -first 


V T V 乂一乂 

v 二 -- by\A also v ——— - ~ - 

av 9 2 . av 9 七 


so make 




V + V o 一 * 一弋 


Z 



Hmmm ... I decided to 
get rid of v first instead. 
Are you saying that's wrong? 


Try to spot which part of the 
math will be the easiest to do. 

You already have two equations that 
both say “v = something” so doing 
a substitution with them is the most 
straightforward thing to do. 

Doing the easier substitution first means 
that you’re less likely to make a careless 
slip. If you start with the more difficult 
substitution, you’re could mess up and 
get stuck when you don’t have to. 


II you can 
ckoose wkick 
order to do tke 


matli in, always 
try to spot tke 
part and 


easier 


cto it first. 
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equations of motion (part 1) 


Continue making substitutions 

Now that you’ve made one substitution, your 
equation with x and t in it doesn’t have v in 

丄 avg 

it anymore But in addition to v Q and t (which 
you’ve known values for from the start) the 
equation contains the variable v. 

Since we’re deriving a general equation for x 
that doesn’t require you to know a value for 
v ， you can use the other equation to make a 
substitution that 'gets rid’ of the v as well. 


• ft 


(^U^rpei your pencil 



My c^uatiohs a-P*tc\r 
fvc subs*ti*tu*tcd -Po\r v 


a% 


V 

% 

V 


V o + 


at" 


Z 


0 


? 

% 


I 


% 



0 


a. Using your two equations, make a substitution to 'get rid'of the variable v. 

b. Then rearrange your new equation into the form "x = something”. 
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simple solutions 


(^Sharpen your pencil 

Solution 


a. Using your two equations, 
make a substitution to'get 
rid'of the variable v. 



V + 



I 七 ’s a ^ood idc3 
*to you\r 

C^uatiorts (I) 3r\d (2-) 
so you \rc-fc\r *to 

•tiicw' latcv- or\. 



E^ua-tio^ (I) alreddy says w v — 

Rcmcw'bcv *to v — 

v/ha 七 you v-c 
do'm^ dr\d v/i^y. 


Rcav-v-a^jc equation (Z) -to say w v — 




Make a subs*ti*tu*tio 灼 


乂 - 乂 0 Multifly bo 七 ii 

sides by 2 -. 

I 

Sulrbra^t 

v -pvorw 
both sides. 


l-f *thc % s*tav*b o-f-P 。灼 — > 
•the rt’s casicv- *to 
*thc c<\ua*tio^ 

-to say 'V == - sornc*tKm 5 - 



b. Then rearrange your new equation into the form "x = something”. 

Add v *to bo*th sides so -that thcvVs o^ly -the 


ZU - % r? 




v 0 — v 0 + -tcv-m ta 七 toY\ia\v\s % oy\ -the lc-P*t side- 


Multiply botii sides by *t 
so i\\ai ^ brt 
is / 七 divided by 


1U 


>c 


o 



i 


二 Zv + at 


o 


iSl — 卞 


o 


Z \ i + 


Divide boih sides by Z so 七 ha 七 
the % — is lc-f*t oir> i*ts 


owr>. 


Add both sides so 
七 ha 七 you li 3 vc oy\ its oym. 



% 二 V 




% 






Your final answer 
skoulct te in tke 
simplest iorm possible. 
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equations of motion (part 1) 


Can we save time by making 
substitutions without rearranging both 
equations to say M v = something"? 


It’s OK to do substitution in a different way 
as long as you understand what’s going on. 

If you want to rearrange just one of your equations to say 
“v = something” then substitute the “something” in every 
time you see v in your other equation, then that’s fine. 


Doing it this way would look like this: 

v/ 二 v o + a 七 (I) 




Then you’d go on to rearrange the equation to say 

n # 

x = x 。 + v Q ^ + V 2 ar as you did before. 

Doing the math this way is fine. The main thing is that you 
always understand what you’re doing and why. 



come up with a nice-looking equation 
for x that only involves variables you 
already knew the values for at the start. 

But does your equation SUCK? 


Use the space on the right to jot down 
as many different ways you can think of 
to check over your equation, which is 
supposed to work OK for any values of 
the variables in it. 



Dor/t wov-v-y i-p youVc y\o{, su\rc how -to do a pav-ti^ulav- 
dhedk yet Jus*t say y/ha-t you^d like "bo do i-P possible. 
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always check your work 


c^Jharpen your pencil 

Solution 





TV^'is is i\\t c<\uat»o\r\ 


you vc y/o\rkcd out- 

But »s »*b 



You’ve made a lot of substitutions, and 
come up with a nice-looking equation 
for x that only involves variables you 
already knew the values for at the start. 

But does your equation SUCK? 


S — SizjC- I jucss I dould bry value *t — 2. 0 s *m 
C^uatio^ *to sec i-f i*t jives sdme a^sy/c\r as i-t did 
bc-fo\rc. 你 *t\ry some o*thc\r values as well. 


U — Uir\i-ts- \ d like *to dhedk -the bu 七 |’m 的 。七 su\rc how 

*to do 


Use the space on the right to jot down 
as many different ways you can think of 
to check over your equation, which is 
supposed to work OK for any values of 
the variables in it. 


C - Cdkuld'biohS. I 七 hmk I did 七 he subs*ti*tu*tiohS 0 ^ 

K 一 The c^uatio^ says x. depends a 

y/hidli i*t p\robably should •’ 


You did it - you derived a useful 
equation for the cage's displacement! 


The equation you’ve worked out for the displacement after a 


certain amount of time is x 
v avg to be seen anywhere! 




vj + War. With not a v or 


But is your equation correct? You don’t want the Dingo’s 
birthday plans to go wrong because of a calculation error. 


Is the equation definitely right? I 
really want to invite the Emu to my birthday 
party - and this might be my only chance 



Wken you work out 
an equation, you 
skould ckeck it over 
teiore you use it. 


When you’re checking over a numerical answer, 
asking yourself if it SUGKs is a good tool. But 
not all of the parts of SUCK are applicable to an 
equation. 

So instead, we’re going to think GUT 
G - Graph. Does your equation describe the graph? 


U - Units. Does each term have the same units? 


T-Try out extreme values (or values you already 
know the answer for) in your equation. 

We’re going to do the units part first, as it’s the 
quickest check you can do once you’ve got used to 
how it works. 
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equations of motion (part 1) 

Ckaw i)u1H Tkyvau^ 


Check your equation using Uwits 


A quick way of checking your equation is to think about the units of 
each of its terms (a term is one of the chunks in your equation that 

you add or subtract). 


You’re only allowed to add or subtract 
things that have the same units, as 
something like “2 seconds + 3 meters” 
is meaningless. So every term in 
your equation must have the 



o-f the \)\otVs v-cp\rcscir\*ts a 

tcv-m m C'ua'tio 的一 a t\\\Ark 






same units. 


Every term in your equation must have the 


same units, so you can add or subtract them. 


A term can be anything 
from a single variable 
to a group of variables 
and numbers multiplied 
together. You need to 
keep track of the units 
of each variable to 
make sure that each 
term has the same units. 



A -tcvrw rv^ay be A *bc\rm may be a load o-f ^umbev-s and vav-iablcs 

just a variable- 广 multiplied o\r divided by o*bhcv-. 




X 



0 



A term can be anything from a single variable to a 
group of variables and numbers multiplied together. 


：^|^arpen your pencil 


Sorwc ar>sy/c\rs a\rc dllreddy 
•filled m -Po\r you. 


Does your equation 
make sense - do all 
of its terms have the 
same units? Fill in the 
table to find out. 

Square bva^kc*b 

So W 二 me 七 evs. 

As these variables ave 
rwul 七 Iplied -tojcthcir, 
you C^y\ y/oirk ou*t the 
u^its o-f the tcv-rw by 
mu l"tiply'mj 七 he o( 

cadh vd\ridble ■fcoythcir. 


Term 

X 

x o 


V , 

〕t 

%at 2 

Units of 
variable 


[x 0 l 


[v 0 ] 

[t] 

[%] 

[a] 

[t] 



A； 

m/s 

s 




Units of 
term 

[x] 

[x 0 l 

[v 0 t] = m/s x s 

[!4at 2 ]= 
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check your units 


On?+s TkyvaL 败 


(^Jharpen your pencil 

Solution 


Nurwbcvs av-c 
dimensionless 
dcm’ 七 have units. 


Does your equation 
make sense - do all 
of its terms have the 
same units? Fill in the 
table to find out. 


S<^uav-c bva^kc*ts 

WrU <>*?’• 

So C %3 =■ metev-s. 


Term 

X 

X o 

V 


’ ％ at 2 

Units of 
variable 


[x 0 ] 

[v 0 ] 

[t] 

> 

[! 

4] 

[a] 

[t] 



m/s 

s 

No uir\i-ts- 

m/s 2- 

s z 

Units of 
term 

[X] 

[x 0 ] 

[v 0 t] = m/s x s 

[Vzat 2 ] = m/ s z x s z 



m / 
x ^ = m 

> X / 二 m 




All of the terms in your equation have the same 
units (meters) so your equation makes sense. 


All O^f i\\t -tcvms Kavc uy>its c^f m, - 

so 七 he c^uatio^s uy\i*ts dlicdk ou*t OK. 



/\ll the *tcv-ms \y\ youv equation have the same units 

/ l ' 


X 





If a 七 evm m youv- c<\uatior\ has di-p-Pcv-c^-t u 灼 its, the 灼 you krtoy/ 

MUST be somrth'mj y/civ-d y>nr^ cm, as 七 he c<\uatio^ doesr / 七 make 


kr^oy/ -thev-c 

sc 灼 sc. 


■ 




Anytking you actct or subtract must kave tke same UNITS. 
( — 


Bach TERM *m -the e«\ua 七 io 灼 
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equations of motion (part 1) 

[)ulH TkyvaL 败 



Dumb Quest! 


9ns 


Why is it important for all the terms in an 
equation to have the same units? 

You can’t add things together which have different 
units. The question “What is 2.0 seconds + 3 meters?” is 
meaningless, because you can’t add meters to seconds. 

But you can multiply and divide things that 
have different units, right? 

Yes - for example, when you divide a displacement 
by a time to work out something’s velocity in meters per 
second. 


Does checking the units like this guarantee 
100% that my equation’s right? 

No, not totally. Thinking about the units of each 
term of your equation will help to catch any mistakes that 
altered the units. 

What kinds of mistakes don’t alter the units? 

Perhaps you meant to multiply everything by 2 
when you were rearranging your equation. Since 2 is 
just a number, it doesn't have any units, so this method 
wouldn't pick up on that. 


Q/ What would I do if it turned out that one of the 
terms in my equation had different units from the 
rest? 

If one of the terms has different units from the 
others, you probably made a little slip with the math when 
you were rearranging an equation. 

What kinds of mathematical slips should I be 
on the lookout for? 

If one of the terms sticks out when you compare the 
units, look back and see if you made a slip with that term 
when you were rearranging your equation. 

For example, maybe you meant to multiply everything by 
f when you were rearranging your equation, but missed 
doing that to one of the terms. 


The other thing that sometimes happens is missing off 
a subscript, like writing x instead ofx 0 . Asx and x。both 
have the same units, this wouldn't get picked up. 

How would I find a mistake if it doesn’t involve 

units? 

You can compare your equation with your graph 
and try out some extreme values in it to see if it really 
does describe reality... 


II all ol tlie terms 
in your equation tkat 
need to l>e added to or 
suttracted from eack 
otker kave tke same 
units, you’re doing great! 
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test your equation with extreme values 


Cwfhs UnI+s TkyvaL 败 


Check your equation by trymg 
out some extreme value* 

You’ve worked out an equation that describes the displacement - time 

graph for a falling object: x = x Q + vj + V^a/ 2 . And you’ve just confirmed 
that each term in the equation has the same units. 

But that doesn’t totally guarantee that the equation is right. 


It’s also a good idea to check your equation by trying out some extreme 
numbers in it, and comparing what your equation says to what would 
happen in real life. So ask yourself things like “what would happen if the time 
was zero?” or “what would happen if the initial velocity was very large?” 

In real life, if the time was zero, then you wouldn’t have time to go anywhere. 
Your displacement would be the same as x Q , your initial displacement. 

Your equation says x = x 。 + v Q ^ + V^a/ 2 . But if t = 0, then the term v () ^ is 0 

because anything multiplied by zero is zero. Similarly, the term is zero. 
So your equation becomes x = x Q + 0 + 0, or just x = x Q . Which is what you 
already worked out would happen in real life! 


II a variable is 
zero, tken any 
term wkere it’s 
multiplying must 
also Le zero* 







y/hat you d as thcvVs 的 o 

time *to 

II a variable is very large, 
tken any term wkere it’s 
multiplying must also te very 
large. And any term wkere it’s 
ctivictingf must te very small. 



七二 O, ihese iv/o 
tcv-ms also =• O aY\d disappeav 
•firom you\r cqua*tio 灼 . 


Similarly, if a variable is very large, then any term where it’s 
multiplying will also become very large and dominate the 
equation. And any term where the variable is dividing will 
become very small and will hardly affect the equation at all. 
This is because dividing by a very large number gives you a 
very small answer. 

In real life, if the initial velocity was very large, you’d expect 
the displacement to be very large as well. 

Your equation says x = x Q + v Q l + V^a^ 2 . If v Q is very large, 
then the v Q ^ term will also be very large and will dominate the 
equation. So your equation would become “x = something 
very large”，which is what you know will happen in real life. 
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equations of motion (part 1) 

On?+s l^yvaL 败 



BE . 呼物 


Your job is to imagine you’re tire equation. \^iat’S going to happen to you at various 
EXTREMES? ^entire acceleration is zero? ^entire acceleration is very lar^e? 
^entiie time is zero? ^entire time is very large? How does ' affect you? 
iW most importantly - do you describe reality?! 



Extreme 

What happens in real life? 

What happens to 
your equation? 

Does your equation describe 
what happens in real life? 

t = 0 

You’ve had no time to move, so 
you won’t have gone anywhere. 



t is large 


x is large because 
the v 0 t and the %at 2 
terms dominate. 


a = 0 




a is large 




v 0 is zero 


The equation 
becomes 
x = x 0 + V 2 at 2 


二 

Your displacement is large, as 
you’re going really fast right 
from the start. 
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be the equation solution 


Cwfhs UnI+s TkyvaL 败 


r 



-BE ^ SOITJtR)^ - 

Your job is to imagine you’re tire equation. \^iat’S going to h^pen to you at various 
.EXTREMES? Whenihe acceleration is zero? Whenihe acceleration is very lar^e? 
\fhenthe time is zero? ^entire time is very large? IJow does v 0 affect you? 
— /. iW most importantly - do you describe reality?! 





Extreme 

What happens in real life? 

What happens to 
your equation? 

Does your equation describe 
what happens in real life? 

t = 0 

You’ve had no time to move, so 
you won’t have gone anywhere. 

0 

Yes - i*t says you stay 

you s*ta\rtcd doir/*t 30 

t is large 

You\r displadcmc^*t is la\rjc bedduse 
you *tv" 3 vcl -fo\r 3 I 。％ -time- 

x is large because 
the v 0 t and the %at 2 
terms dominate. 

Yes - i*t p\rcdid*b you\r 

一一 . 

a = 0 

The vclodi*ty is doir\s*ta^*t- 

The C^ua*tioir\ becomes 

卞二卞 + V *t 

0 0 

Yes. This is similar *to 

c^uatio^ dis-ta^dc — speed x *time 

e 乂 dep 七 y/i*th vcd*to\rs d^d 

•mi 七 ial displacement ^ Q ) ^ *t^C\rc- 

a is large 

The vclodi*ty v/ill yt -fas*tc\r d^d 
-fas*tc\r move ^uidkly. 

The Vzb{, Z 
dom'ma*bes mo\rc 
move as *t z *md\rcascs. 

Yes - i*t says you -fas*tc\r 

— y . 

v 0 is zero 

% will de^e^dl or\y oy\ *thc 
ad^clcv-a*tioir\ d^d y. as you have y\o 
velocity a*t s*ta\rt. 

The equation 
becomes 
x = x 0 + V 2 at 2 

Yes - displa 匕 cmeirrt only depends 
oy\ a^dclcv-a*tioir\ d^d % , ^o*t 

。“. 0 

0 

二 

Your displacement is large, as 
you’re going really fast right 
from the start. 

乂 is la\rjc because -the 

v *t *tc\rm dom'ma*bes. 

0 

Yes - i*t p\rcdi^*b *tha*t you 30 a 
一 1 
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equations of motion (part 1) 
Ckaw OnI+s T^fvaL 败 


Grapk and ecjuation stoiy magnets 


As graphs and equations both represent reality, a third (and final) 
way you can check your equation is to see if it tells the same 
story as your graph. 


Your job is to match up each graph and an equation with a story. 
Each magnet will be used exactly once. 

All of the equations are based on the equation you worked out, 
x = x 0 + v Q t + 1 / 2 at 2 but with some of the variable equal to zero (like 
you’ve just been thinking about) which leads to some of the terms 
being missing. 

A couple of the story magnets have been left blank so that you 
can make up your own stories to describe the graphs! Think about 
using phrases like "constant velocity", "zero velocity", "constant 
acceleration” or "zero acceleration” in your stories. 


lV\ri*tc youv ovm 
s*tov-ics oy\ the 
bla^k 






A car sitting at traffic 
lights at displacement x 0 
from home pulls away with 
constant acceleration. 


A person in an office 
sits in the same position 
for a long time. 
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story magnets solution 


(Mfe TkyvaL 帕 



Grapk and ecjuation stoiy magnets - SOLUTION 

As graphs and equations both represent reality, a third (and final) way you can check your 
equation is to see if it tells the same story as your graph. 

Your job is to match up each graph and an equation with a story. Each magnet will be used 
exactly once. 


All of the equations are based on the equation you worked out, x = x 0 + v Q t + Viat 2 but with 
some of the variable equal to zero (like you’ve just been thinking about) which leads to some 
of the terms being missing. 


A couple of the story magnets have been left blank so that you can make up your own stories 
to describe the graphs! Think about using phrases like "constant velocity", "zero velocity ”， 
"constant acceleration” or "zero acceleration" in your stories. 


X = 

= x 0 


0 


小 


x. 


X 


/N 


x = x o + v 0 t 


今 t 


小 


X, 


A person in an office 
sits in the same position 
for a long time. 

The c^uatio^ docs^t have the vav-iablc 

七 ’m i*t. |*f x does 的’七 depend oy\ *t> 

卞 must be 


A fCV-sor\ y/dlks -fvom KomC (v/Kcvc 
X. — 0) *fco v/ovk 3 七 a £>o 灼 s*t3 灼七 
vclodity «V-o addclc\ratioir>). 


h 乙 av joms a s-tvaijlvt -Pv-ccv/ay 
a 七 position % — dirtcl hits dvuisc 
"to •bravd a demstarrt 
vclodiiy (z^vo addclc^atioh).. 


Tliink ol 
g[rapks anct 
eejuations 
” telling stories” 
about wkat 
kappens. 



It doesn't mattev* v/hat s*to\ry you made up, 
as \ oy \^ as you v-calizjcd that a dohsta^*b slope 
。的 the x — t yaph a do ⑽七 a 的七 velocity. 


These yaphs art 
because o-r the i z pav-*t 
o( the c^ua*bio^. I z =• I, 
Z z =• ^, 3 Z =• % By\A so 
oy\. As *t m^v-cascs, the 
t 2 " dommates and 
makes the yaph jrt 
steepev* Br\d s-tccpcv-. 
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Your equation checks out! 

Your equation x = x Q + v Q ^ + V 2 af passes all 
of the tests you’ve done on it. 



The graph and the equation 
both tell the same story. 



The i z pav-t 

the 乂-七 jv-aph 

is ^uvved. 


equations of motion (part 1) 

Ckaw i)u1H T^fvaL 败 


To ckeck your 
equation over, 
ckeck your GUT. 



^ ns od^asio^ ^ = 

the yaph stav-ts al ^ =• 0) 
and v =• O (as youVc dv-opp'mg 
i*b *(V 。 你 a s*ta\rt). 


When you try out extreme values, the 
equation corresponds to reality. 


BE e^u^ti - §0]JJll0]^ 

Your job is to imagine you’re f3ie equation, ^/hafs going to happen to you at various 
EXTREMES? 儀 en the acceleration is zero? \^ientke acceleration is very large? 
^ienilie time is zero? \^ienflie time is very large? IJow does v 0 affect you? 
And most importantly - do you describe reality?! 






女 at 1 


Extreme 

What happens in eal life? 

What happens to 
your equation? 

Does your eqd ation describe 

what happens n real life? 

t = 0 

You’ve had no time to move, so 
you won’t have gone anywhere. 

^ — * 0 

Yes - i-t says iKat you stay 
w^eve you stair-tcd and do^-t 30 
anywhere- 

t is large 

Youv displatciwewt is lav-ge because 
you -tvavel -fov a lon^ -time- 

x is large because 
the v 0 t and the !4at 2 
terms dominate. 

Yes - i-t pveditts -tV»at youv 
displatcmeivt is large- 

a = 0 

The vclofii-ty is £onstarrb_ 

TKc e<\ua^ion becomes 

Yes. TVis is similav -to -tV»e 
c«\ua-tion distaste — speed ^ -ti»e 

e 乂 wi-tK ved-tors and -the 

ini 七 idl displatcwerct, % qI in "t^eve- 

a is large 

The vdoA'rty will ge-t -fasteir and 
■fastev- more <^ui£kly- 

The Vza {. 1 -temm 

dominj'tcs rmoire dnd 
move as ir increases. 

Yes - i-t says -tKai you ge-t -fastev 
move «^uifikly. 

v 0 is zero 

* will defend only or> -tKc 
a££elev-a^ion and ^ as you have no 
velodi-ty at the start- 

The equation 
becomes 
x = x 0 + %at 2 

Yes - displatewen-t only depends 

on 3££ 亡 1( 以七’伽 dnd % Q , dnd not 
on v。. 

v 0 is large 

Your displacement is large, as 
you’re going really fast right 
from the start. 

y- is lav-^e because -the 
V fl -t ■fccvm domind-tes. 

Yes - i-t fveditts -tV»ai you 50 a 
lon^ '*ay. 



All of the terms in the equation have the same 
units (meters). 



^I^rpefi your pencil 


The Dingo now wants the cage to fall for 1.5 s. 
How high should he set the platform of the crane? 
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dingo drops... 


(parpen your pencil 

Solution 


The Dingo now wants the cage to fall for 1.50 s. 
How high should he set the platform of the crane? 


i 


% 


o 


% 


O s 
O m 


? m 
1^0 



» V —» O Tt \/s 


o 


s 


V —» ^ W\/s 


a — ^ m/s Z 


二 ％ 七 + ? /^ a * t z 

- O + O + O.^ X ^.0 X I.^0 z 
卞 二 11.0 m (?> sd) 


So the Pmgo drops the cage 



but as the 
dust clears 


^ i 9S S J 
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To be continued 
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Question Cliwic: The "Substitution" Question 


A ques 



tion that asks you to find an ''equation' ''expression" 
or ''formula” for something often involves manipulating equations you 
already know or are given in the question. The main thing is not to panic, 
especially if you re given equations youve not seen before, and to identify the 
variables that need to be eliminated from the final equation. 




TWis rnd'^a-tes that you probably dor!i 
V^avc -to y/ov-k out e%*bra e«\uaWs 
apavb -fvom ov\ts -tiicy jWc you- 


youVc av/av-c o( the u^i-ts o( youv 
variables, you -tes-t youv drtswe^ by 
makir^ suv-c cadh -tcv-rw m youm e^uaiiort has 
the same units (sec 2M>). 


7. Given the equations: 
v = v + at 


x - x. 


v + v f 


a. 


Always \rcrwcrwbc\r that 
physic c<\uatiohs /WEAK 
somethihg av\d av-ch^t 
j us t ^cahihglcss lettevs 
■to do ollgcb\ra with. 


b_ 


二 ㈣ 

Find an expression forjc_ in terms of 



This mca^s -that they Y/3r\i ar\ c<\uai\or) 
tha 七 says 'V — i-C- the 

is oy\ its oym cm 七 he Ic^i ha^d side. 


.Ii^carl^nat 乞 hey 

i\)t v'^ii-t-Ka^d side bo or^ly 
Kave % 〜a and 七 m rt, 扣 d 

KO oiKcv- vaviablcs. 


*bha*b you 
PON T wa^-t m the -f mal 
a 灼 d bry *to v/o\rk out how *to make 
substitutions that jet v-id o-f them 


Try *to a FEEL -fov 
what youv equation is 

say'mg at the 

o-f variables. Poes i*t 
v-cpv-csc^t v-cality? 


These questions are mostly algebra and 
involve substitution to get rid of the variables you 
don't want in the final equation. Don't forget to check 
your equation, using GUT - Graphs, Units and Trying 
some extreme numbers - to make sure your equation 
represents reality! 
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Question Cliwic: The "Uwits" or ff Vm^m\om\ analysis" Question 



Look tav-c-fully *to 
see y/Kc*t^cv" 
question asks you "to 
aive VouV" 3r\sy/cv" m 

UNITS OV 
DIMENSIONS. 


Sometimes you II be asked to show that an equation 
makes sense by using ''dimensional analysis" or* by 
considering the units”. You do this by figuring out the units of each term in the 
equation. All terms must have the same units, as youre not allowed to add or 
subtract terms that have different units. The main thing you need to be able to 
do is to handle units written in scientific notation. This is basically the same as being 
able to handle numbers written in scientific notation - go back to 
Chapter 3 if you feel you need a review. 


T£RA 1 m 七 he 

rwust have the sarv\e ur>its. 


y 0 uVc ov\ly 5*ivcir> 七 he uir\i*ts of *t and 

木、 y\o{, or ov a- Bu*t you only 
r\tt& ur\i*b or\t o( "tiiC *tcv-ms, 
dr\d as % IS d youVc -f mc- 


, ln t h ee q uatio^V^ 


seconds and the unitFoQ 
units_of a? 

9. In the equation ^^ + )[l + t 

of time and x has djmensions.of length. What are the 

dimensions^of a? 


ImC 3s 


that asks you about units, tha-t you v\ttd h> a -P'mal a”sy/e\r of 

ms*tcad o( w mc*tc\rs w , o\r ms*tcad o( w sc^o^ds W rtd. 



























equations of motion (part 1) 


Honest Harry has a problem 

At Honest Harry’s Autos, they’re always thinking of new ways to make 
their second-hand cars stand out from the competition. Detailed specs 
on their website, a one year guarantee, and fluffy dice all help them to 
stay ahead of the rest. 

But Harry’s latest idea has got him into trouble. 

“Most dealers have the car’s acceleration from 0-60 miles per hour 
in their specs,” he explains. “But you can go at 80 mph on the 
freeway. So I decided to come up with specs for acceleration 
between 60-80 mph myself. No one else has that!” 

But his figures got Harry into hot water when scores of 
angry motorists returned their cars threatening to sue him for 
misinformation, as the car’s performance from 60-80 mph was far 
poorer than he’d claimed. 

“I dunno what went wrong,” Harry says mournfully. U I set things up 
to plot the speedometer reading on a graph as I accelerated from 60 
to 80 mph. Then I drew a best fit straight line through my data points, 
making sure it went through the origin, and used the slope of that to 
work out the acceleration that went on the spec sheet.’’ 


Five JVtlnufe 

JVtys-fery 



Why did Harry calculate the i^rong acceleration? 
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best fit lines 


The origin of Harry’s problem ... is the origin! 

Why did Harry calculate the ivrong acceleration? 


Harry drew his straight line through the origin of his graph (where the 
velocity is 0 mph and the time is 0 s). But the car’s speed 
at t = 0 was actually 60 mph, so the line he drew 
should have crossed the vertical axis at 60 mph, not 
at the origin. 


This is the 

actual best -Pit 
stvaight lihe/ 


vclodi^ty versus -time 


TKis is Imc 七 1 ^七 

^ X^ttav-vy dv-cv/, tWou# 七 he 

poirrts best Kc dould- 




Five 卿寧 

Mystery 

Sajvea 


Time 
(seconds) 


This meant that the slope of his line was much steeper than it should 
have been - so his values for the acceleration of each car were far too 
high. No wonder Harry’s customers came back to complain! 

The equation for the graph is ^ + at. where v Q is the velocity at ^ = 0. 

Harry’s right that he can work out the car’s acceleration from the slope 
of a best fit straight line - but only if the line he draws passes through %! 


A test lit straigkt line doesn’t 
need to go tkrougfk tke origin. 
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equations of motion (part 1) 


Do I really need 
chapter for m> 


really need to memorize all of this 
chapter for my exam? Dude, that was tough! 


You only need to memorize a couple of 
this chapter’s equations for your exam 

The two important equations from this chapter are 

v = v 。 + aZ and x = x Q + + V^a^ 2 . These are the 

two things you need to memorize for your exam 
-so that you can solve all kinds of problems 
similar to this one! 


And don’t worry - you’ll pick the equations up soon 
enough by using them to do problems. As long as 
you practice, there’ll be no need for you to do any 
rote memorization. 


Think like a physicist! 



If you practice your tennis forehand, you can 
guarantee that your tennis results will improve 
even though you’ll never play two identical 
forehands because each game situation is unique. 


In a similar way to your forehand, you can also 
develop your equation-handling skills to enable 
you to solve all kinds of problems that are like 
this one, even if they’re not exactly the same. 



^voov'm^ youv 
fhysids skills 
mea^s you 
solve all kmds 
o( pvoblcms, r>o*t 
jus 七 you’ve 


Throughout your physics career (and definitely 
in your exam) you’ll be interpreting graphs and 
working out equations from them. If you want 
to understand what’s going on and do well in 
physics, you need to be able to rearrange 
equations, make substitutions and check 
your answers. Which is what you’ve been 
practicing in this chapter. 


Vow you can solve 
all kinds ol problems 
tkat are like tkis one. 
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the world oi physics 



Substitution Making a substitution is ^getting rid 9 of a variable 

from an equation by replacing it with an expression 
it’s equal to (usually from a second equation). 
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equations of motion (part 1) 



Your Physics Toolbox 


You’ve got Chapter 7 under your belt and 
added some problem-solving and answer¬ 
checking skills to your toolbox. 


A -fuiadlamcia^tal 

c^uatioh motion 


,Velocity - time 


二 、 + at 


E^uatioh of a 

c^ua-tioh of 


3 , 

9^ph has -the 4 〜： 

somcihihj do wiih hovizohbl 


-fundamental 

equation <^f motion 

Displacement - time 




% 


^UT dKctk 

- po youv e'uatuw a 於 d 

tell same s*tov*Y? 

u^its - po all -t^c tcvms m your 
e«YAati<w ^avc same wrb? 

Tv-y octreme values - Poes your 
c T atior> mirv-ov- v-cal^Y you 
make 如 variables or vevy 
lavy or\t at 3 


Subs 七 i 七 u 七 ioh 

Al^kihj d subs*ti*tu*tioh is \rcpladihg 
3 vaviablc ih 3h c^uatioh W'rth 
Cxp\rcssioh that's c^ual h> it 

This d3h be usc-ful i-p you hdvc 9 
variable ih you\r c^uatioh that you 
do^i khow a value -fo^. 
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8 ecjusctjgm o? motion (part 2) 




fUp ， up ， and... back down ♦ 



What goes up must come down. You already know how to 
deal with things that are falling down, which is great. But what about the 
other half of the bargain - when something’s launched up into the air? In this 
chapter, you’ll add a third key equation of motion to your armory which will 
enable you to deal with (just about) anything! You’ll also learn how looking 
for a little symmetry can turn impossible tasks into manageable ones. 


this is a new chapter 
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back to dingo 


• •• 


Previously 



Now ACME has m amazing new cage launcher 


But you can’t keep the Dingo down for long - especially when ACME has an 
amazing new cage launcher! Once installed, it’ll propel a standard ACME 
cage straight up in the air at a speed of your choice. 

It’s ideal for a more subtle approach - you can launch the cage from ground 
level, instead of having a big crane that the Emu will spot. 

You just need to work out what velocity to launch it at so that it lands back on 
the target when the Emu arrives, exactly 2.0 s after you launched it. 


ACME 
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equations of motion (part 2) 



Joe: Hmm, could we try using the equation we worked out in 
chapter 7? Y’know, x = x。+ v Q ^ + V^a/ 2 . 


Frank: But that was for a falling thing. This time, the cage is 
going up. It’s not the same thing. 


Joe: But once the cage gets to its maximum height, it falls back down 
again. So it’s kinda the same. Or, well, at least the falling down part 


of it is! 


Frank: But what about the first half, when the cage is going up? 

Jim: Actually, the equation might work OK then too. It’s supposed 
to work in any situation where the acceleration’s constant, right? 
And I think that the acceleration due to gravity is constant, whatever 
direction you’re moving in. 

Frank: But how can the cage be accelerating downwards, when it’s 
moving upwards? 



Joe: Acceleration is rate of change of velocity, right? And the 
cage gets slower as it goes up. So the acceleration vector must be 
pointing downwards, or else it wouldn’t get slower. 

Frank: I think I’d find it easier to visualize with a sketch ... 


Always start 
witlt a sketck! 



rpen your pencil 


Draw a sketch of the cage just after it’s been 
launched straight up in the air. Mark on the initial 
velocity vector v 0 , the acceleration vector a, and any 
other information you know about the problem. 


Do you think it’s going to be OK to reuse the 
equation x = x 0 + v Q f + baf 2 in this new scenario? 
Why / why not? 
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is acceleration constant? 


c^Jharpen your pencil 

Solution 


Draw a sketch of the cage just after it’s been 
launched straight up in the air. Mark on the initial 
velocity vector v 0 , the acceleration vector a, and any 
other information you know about the problem. 


Cage takes 七二 Z.0 s 
*to go up doy/r\. 


A 


V 


? 


o 


Tlic tay s-bav-ts 

av\d cr\ds at 七 he 
same so — 

and % av-c bo*bV) 0 m. 


% 二 0 m 




^ivc 


d — ^ m/s Z 


Do you think it’s going to be OK to reuse the 
equation x = x 0 + v 0 f + baf 2 in this new scenario? 
Why / why not? 

The addelera*tioh vector points dovm v-cgav-dless 
*thc div-cd*tioh o-f {ht C^ts vclodi*ty- 

The addclcva*tioh y/ill be dor\s*tarrt 3*t ^ ti\/ s z 
dowhwa\rds. The c^ua*tio^s supposed {o be used 
-for dohstarrt addclcra*tioh, so i*t1l probably y/o\rk. 


youv ha^d-diray/h addclciratio^ vcd*fco\rs double- 
av-\roy/licads -to distmjuish the 眯 -Pvor»» vclodi-ty ved-fcov-s. 


The acceleration due to gravity is cowstawt 


The equation of motion you worked out last time, 
x = x Q + v Q ^ + l / 2 a.t 2 , is supposed to be OK in any 
situation where the acceleration is constant. 

If you can reuse this equation, it’ll be much much 
faster than going through the rigmarole of trying to 
design and carry out an experiment where you shoot 
things straight up into the air. 


K an object is 

acted on ONLY BY 

GRAVITY, it ka S 

an acceleration 


v = 0 m/s 


I 


a = 9.8 m/s 2 


*tlic 匕 ay’s 

广 velocity is zj^co, its 
yy addclcv-atio^ due to 

jvaviiy is siill °{^ 眯 /s' 


iVhch the is 
doy/jr>, ii jets -Paste\r. 
This is because its be'm^ 
addclcv-a-tccl doy/^y/a\rds 
a*t a vaic o( m/s z 






ol 9*8 tn/ s 2 
ctownwards, 
wkatever its 
velocity is. 



I 


a = 9.8 m/s 2 


1 /Vhcr> *thc tajc is 50 'mg up, i*t 
jets slov/cv-. This is because it 
bemj addc Icv-a-tcd doymy/avds 
ai a vatc o( °[ ^ m/s z 


Although you originally 
worked out this equation 
from a graph you plotted by 
dropping things down from 
a height, any object that’s 
accelerated only by gravity has 
a constant acceleration of 
9.8 m/s 2 downwards. It 
doesn’t matter whether its 
velocity vector points up, down, 
sideways, or at an angle. 



a = 9.8 m/s 2 


s 
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equations of motion (part 2) 


= 2.0s 



|-f youv C<\ua*bio\r\ \rcpvcscr\*b 
vcal'i-ty, i*b should wovk W\{\\ 
-tlicsc r\uw\bcv*s "m »*t- 



not convinced! If the cage starts 
and finishes in the same place, then x 
and x 0 are both zero. So how does the rest of 
the equation work? How can two terms added 
together be zero?! 


a = 9.8 m/s 2 


Good thinking - try to imagine your 
equation with some numbers in it. 

The cage starts and finishes at ground level. 
This means that both x and x Q are zero, and 
your equation becomes 0=0+ v。/ + V 2 a/ 2 
when you put these values in. 

So for the equation to be true, the two terms on 
the right hand side, v Q , and V^a 户 ， must add up 
to zero. But how can two terms added together 
be zero? It’s time to ... 



BE . 呼皤砘 





Your job is to imagine you’re tire equation. IJere, bodiX and Xo are 0 because tire 
ca^e starts and finishes in the same place. This means AatAe left hand side of 
tire equation = 0, and on the vi^ht hand side, there are two non-zero terms 
ADDED together. Is tiiere any waytiiis is possible, or will we need to 
wort out a different equation for tire ca^e? 
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vectors have direction 



BEfk § 0 以 M - 

Your job is to imagine you’re tire equation. IJere, holkx and Xo are 0 because tire 
ca^e starts and finishes in {ke same place. This means that the left hand side of 
the equation = 0, and on the ri^lrt hand side, tiiere are two non-zero terms 
ADDED together? Is there any waytiiis is possible, or will we need to 
wo 成 out a different equation for tire ca^e? 



\/dodi*ty dhd addelcva*tioh arc vectors. 

is upy/avds, dhd d is doy/hy/dv^ds — as 七 hey po*m*t m opposite 
divcd*tiohS, -thcyll have opposite si^hS. 

|*t IS possible -for a positive hur^bev- dhd a r^ytive number *to e<\udl 
z^\ro whch you ddd 七 hem *boythcv. So dould be 0 ^- 


A 


v is upwARPs* 

广 


v 


? 


o 


m 




a 二卞召 m/s Z 


Vis D 娜嗔 DS. 


Velocity and acceleration are m opposite 
dirgetiows. so they have opposite signs 


When x and x Q are both zero, your equation becomes 
0 = 0 + x f) t + l /23.t 2 . So the terms on the right hand side 
of your equation, v Q ^ and V^a, 2 , must add up to zero. 
You’re interested in what’s happening at ^ = 2.0 s，so both 
t and t 2 are positive. Therefore, the signs of the terms 
x Q t and V 2 2 it 2 are determined by the signs of v Q and a. 



You’re working with vectors! So as well as having a 
size, v Q and a have a direction. The acceleration due 
to gravity, a, always acts downwards. But the initial 
velocity, v Q , is upwards. So v Q and a have opposite 
signs. One is positive and the other is negative. 

As v Q and a have opposite signs, it’s perfectly reasonable 
to say that there’s a certain value for x Q where 
v Q Z + l /2 2 it 2 = 0. And that’s the value you want to work 
out, as it’s the launch velocity for the cage! 



\J Q By\A a fom 七 m 

opposite div-cttio^s, 
y/i|| have offosi-tc si 沪 s. 


Vectors kave 

DIRECTION! 


You use positive 
and negative 
signs to skow 
tke Jirection* 
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equations of motion (part 2) 


Do we get to decide which direction is 
positive and which is negative? So this is just 
another way to use vectors? 




水 







Yes. With vectors that point in opposite 
directions, you get to decide which 
way is positive and which is negative. 

Vectors are vectors, so as long as you are consistent 
and dealing with opposites, you get to choose 
whether to make up or down the positive direction. 

When something’s moving through the air, it’s usually 
easiest to make up the positive direction and 
down the negative direction. 

I Vs cor\^tr\hoY\d\ *to make uf 
七 he positive 

do^v\ tiic r^c^a-tivc dive 匕七 io”. 


Kj 




o 


But when we were dropping the cage, we said 
that down was positive. Why suddenly change 
now to make up positive - ifs confusing! 



Choose the direction that makes 
the math easier. 

It’s easy to ‘lose’ or forget about minus signs 
when you’re doing calculations and end up with 
the wrong answer. When you dropped the cage, 
its displacement, velocity and acceleration all 
pointed in the same direction - downwards. 

So by making down the positive direction, you 
didn’t have to deal with minus signs. 

But now that the cage is going up then down, 
with v() and a pointing in opposite directions, 
you’ve nothing to gain by making down positive. 
You’re better off sticking with the convention 
of making up positive so that when you draw a 
displacement-time graph, up on the graph is the 
same direction as up in the real world. 






You’re less prone 
to making mistakes 
wken ctoing matk 
witk only positive 
numters tkan you 
are wken tkere 
are negative 
numters around. 
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opposite directions opposite signs 


ihereic[ 

Dumb 


are no o 

Questions 


1 still don’t get how you can add two numbers together 
and get zero as your answer. 

Numbers can be negative as well as positive. If one of the 
numbers is negative, it can work out like that. For example, if 
v 0 f = -2 and V 2 at 2 = 2, then you have -2 + 2 = 0. 

Sorry... I still don’t quite see how two numbers added 
together can be zero? 

Suppose you spend $10 entering a competition, then win a 
$10 prize in it. You’ve earned (-10) + 10 = 0 dollars. The sum of 
the (negative) entry fee and the (positive) prize win comes out to 
a zero balance. 

Why would I want to add a negative number to a 
positive number when I can just do a subtraction? 

Because when you have an equation like x = x。+ v 0 f + V^at 2 , 
you don’t know in advance which variables are positive and which 
are negative. But when you put the numbers in, it'll work out as 
long as you get the minus signs right. 

So the variables x。, X ， v。, v and a could all be negative 
because they’re vectors? 

Yes, vectors have both a size and a direction. When all of 
your vectors lie along one line (like in this case, they’re either 
pointing up or down) then you can choose to make one direction 
positive and the other direction negative. 

And I get to choose whatever direction I want to be 
positive? Either up or down? 

Yes, as long as you're consistent throughout. But it’s usual 
to make up the positive direction so that when you plot a graph, 
up on the graph corresponds to up in real life. 


Vectors in opposite Jirections 
kave opposite signs. 


What would happen if I made down the positive 
direction instead? 

The math would all still work out, as long as you make sure 
you’re consistent. You just have to be careful to do the right thing 
when you’re adding or subtracting a negative number. 

How would I figure out if I’d made a mistake with the 
minus signs? 

You can see if your answer SUCKs. If a minus sign has 
gone astray, then the answer may end up a very different size 
from what you’d expect. So make sure you have a rough idea of 
what size your answer’s going to be at the back of your mind, then 
compare it with the result of your calculation. 

OK, so I think I have the negative numbers, vectors and 
directions all figured out. Is there anything else I should do? 

As you've never used this equation before to deal with 
something going up then down, it wouldn't hurt to sketch some 
graphs to confirm that it’s going to be OK ... 


I only get one shot at this. 
Are you sure this equation^ 
gonna work? Can you draw me a 
graph or something? 
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equations of motion (part 2) 



Frank: I guess we need to do some graphs that show it’s OK to 
use the equation to deal with the cage going straight up in the air 
and back down again. 


Jim: But that’s gonna be difficult. We usually draw graphs of 
experimental results, but I don’t think we can do that this time. 
We only get one shot at launching the cage, and if we miniaturize 
the experiment, we can’t really measure the launch speed. 


Joe: Hmmm. Maybe we could sketch graphs of what we know 
happens to something that goes up and down. Then put some 
numbers into the equation and plot it to see if it comes out the same 
shape - like doing that GUT check thing - comparing the equation 
with the graph by trying out some values. 

Frank: But how do we sketch a displacement-time graph for 
something that goes up then down? Is it curved? Is it straight? Does 
the shape depend on whether it’s going up or down? I don’t think 
we can do that straight off. 


Joe: We could start off with the acceleration-time graph. We 

know that has a constant value of 9.8 m/s 2 . 



Jim: You mean -9.8 m/s 2 ... up is positive, so down is negative! 

Joe: Yeah, well, acceleration is rate of change of velocity. So the 
value of the acceleration is the slope of the velocity-time graph. 

The value of the acceleration is constant: -9.8 m/s 2 , so the slope of 
the velocity-time graph must also be constant at -9.8 m/s 2 . 

Frank: Err, a negative slope?! What would that look like?! 

Jim: I guess it would go the other way, down from left to right 
instead of up?! Like going downhill instead of uphill? 


Equations represent reality♦ 
II you sketck a g[rapk 
oi wkat kappens in real 
liie，it skoulct te tke same 
jska^e as tke grapk lor 


Joe: That sounds about right. Then when we have the velocity¬ 
time graph, we can use the fact that velocity is rate of change 
of displacement. So the value of the velocity is the slope of the 

displacement-time graph. 

Frank: Which lets us draw a displacement-time graph as well. 


Jim: Great! 



Po / 七 v/ovv-y about numbers 
•,s SttAPK ya^s. 


your equation. 





What might the velocity-time and 
displacement-time graphs look like? 
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negative and positive slope 




e Tip Cl^se 


The sarwC pvihdiplc applies {jo the 
slope o( a displadcmc^i-tirwc y-aph 
a^d the value o( -the vclodi-ty. 



Since velocity is a vector, it can be either positive or negative. The slope of a 
velocity-time graph shows you the value of the acceleration. 

If the change in velocity is positive, then the graph slopes up, and the 
acceleration is positive. If the change in velocity is negative, then the graph 
slopes down, and the acceleration is negative. 

Graph of velocity vs. time 



a = 


Av 

Af 


Ha grapk goes up, its slope is positive. 


Graph of velocity vs. time 


POWN 


A^^dcv-atioh. 



轰 • is 




A*t is positive. 


SlofC vclodi*ty-*timC 

yaph is negative, so value 

o-f addclcvatio^ is 

i.e., i^s addclcvatm^ m this 

div-cd*tio^. 


a = 


Av 

Af 


II a graph goes ctown，its slope is negative* 
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_ : 飞 — ofmotion _ 2 ) 

youVc do'rnj hcvc \sv\ 七 too di-P-fcv-Cht- 


You can use owe graph to work out 
the shapes of the others 

Acceleration, velocity, and displacement are all related to each 
other. If you have the graph of one of them and some initial 
values for the others, you can use these to sketch the shapes of 
the other graphs. 

You know that the launched cage has a constant acceleration 
of -9.8 m/s 2 . Since the value of the acceleration is constant 
and negative, the slope of the velocity-time graph must be 
constant and negative too. 


r^^rpen your pencil 


Use the value of your acceleration-time graph to sketch the shape of the velocity-time 
graph. Try to imagine the velocity of the cage as it goes up then back down again. The 



first dotted line is the top of its flight, and the second one is when it lands again. 


Velocity (m/s) 




Graph of velocity vs. time for the cage 
which goes up then down again 


Wic’v/e f u*b 
*to help 々 
you out. ( ^ 


This is -the 
velocity ved-fcov 
七二 O. 


Acceleration 
(m/s 2 ) 


Graph of acceleration vs. time for the cage 
which goes up then down again 


This shows "that "the 
addclcvatioh is y/rth "this 

siz^ a^d "this div-cd-tioh at dll "tirwes. 



f[tCt\crBhoY\ (a) is 
匕 ons 七 airrtly — 卞 0 m/s z . 


Top o( 
-Plijli-t 


Ldnd'm^ - 


Do 灼’七 wo\rV-y 

about what 
happens a-ftev 
it lands. 


D 。 灼’七 y/o\r\ry about 
the displa 匕 cm ⑶七一 time 
yaph -roV *thc moment 
- you’ll d。that Y\t%^ 




Time (s) 



Tke slope oi 
tke velocit 广 time 
grajik g ives tke value 
of tke acceleration* 


av-c 


same 


Thcsi two s*ta*tcmc^ 

■thmg said di-P-Pcv-c^-t ways around^〆 


Time (s) 


Tke value oi tke 
acceleration gives 
tke slope oi tke 
velocity-time grapk. 
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vectors have size and direction 



noil 


your penci 
Solution 


Use the value of your acceleration-time graph to sketch the shape of the velocity-time 
graph. Try to imagine the velocity of the cage as it goes up then back down again. The 
first dotted line is the top of its flight, and the second one is when it lands again. 


Velocity (m/s) 

A 


Wc vc put 

OY\ *to Mp 

you out. 


Graph of velocity vs. time for the cage 
which goes up then down again i 

I 

The value o-f the vclo^i-ty 
is zjcv-o the dajc ii a*t 
*tof its 



Acceleration 
(m/s 2 ) 


■9.8- 


(a) is 

do^s*ta^-tly m/s z . 


W\\cy\ *thc is -fall'mj do^Y\, 
i*ts velocity is as 

do^JY\ is the negative di^rc 匕 tio 灼 . 



T\\t slope is fO 

七 S I°P CS do—. 


Graph of acceleration vs. time for the cage 
which goes up tjhen down again 


l/Vhen the domes b 此 k 

demh it yts -Pastev- 

ahd — but \ y \ the 

dowhwa\rds VIRBCTlOh/. 


The velocity—time yaph has a d.ohs-toi^*b slope o-f 
一 m/s z because -the a^4dcv-a*tio^-*timc yaph 
has a value o( ® 


Time (s) 



Velocity-time graph 

W\\tv\ % is positive, 



negative, 

pom 七 (Joy/rt- 


qv-aph shows you whcv-c 
heads o-f vc^*to\rs an 


Vectors are arrows, right? 

So what have the lines on the 
graphs got to do with vectors? 


The graphs show the size and 
direction of a vector at any time 

The line on a graph shows the size and 
direction of the quantity you’re plotting 
at any time. If you imagine the tail of the 
arrow on the horizontal axis, the head will be 
just touching the line. 
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equations of motion (part 2) 


(^Ij^rpen your pencil 


Now it’s time for you to sketch the displacement-time graph for the cage, then 
annotate it to explain what you’ve done. The first dotted line is the top of its 
flight, and the second one is when it lands again. 


Displacement 
(m) 


Velocity (m/s) 


l-f this value is 

the 

slofc o( the 
disfladem ⑶七一 
■time jvapil will 
be s*tccf- 


Acceleration 
(m/s 2 ) 



Graph of displacement vs. time for the cage 
^^ ment which goes up thien down again 


Graph of velocity 


A^o*thcv way *to do this (or 
dhcdk ovcv youv answer) is 
■fco w bc *tKc ar>d {\\\rk 

dbou*b whaVs o 的 as you 

30 uf dovm d^dm- 


Time (s) 


vs. time for the cage 


which goes up then down again 



Tke slope of tke 
aisplacement-time 

g^rapk gfives tke 
value ol tke velocity. 


These 


：WO 


: av-c the same 


Graph of acceleration vs. time for the cage 
which goes up then down again 


Time (s) 七 said di-P^cv-ch*t ways av-our>dQ^ 


Tke value oi tke velocity 
gives tke stoye oi tke 
displacement-time gfrapli. 



Time (s) 
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sharpen solution 



noil 


pen your penci 
^ Solution 


Now it’s time for you to sketch the displacement-time graph for the cage, then 
annotate it to explain what you’ve done. The first dotted line is the top of its 
flight, and the second one is when it lands again. 


You be used "to 
usih 9 the wo\rd gv-adich-t' 
"to "the s^ccphcss 

9^ph. Ih -this book, 
weVe usihg the wov^d 
slope' -to ihdi^tc the 

steepness o( a gv-aph. 


Displacement 
(m) 


ace 


Graph of displacement vs. time for the cage : 
which goes up thien down again 




deceases as value 
iscs. 


Slope dc^V"C3SCS 3s 

(Jc velocity dcdv-ca 


n 0 ^i\\tv\ velocity ― ^ 







Velocity (m/s) 


v- 


Ihitial dhd -f'mal displatcmch*b avc both at 乂二 0 . 


I 

Graph of velocity ； vs. time for the cage 
which goes up then down again 

The value o( the velocity is 
zjCV-o y/hc 灼 *thc slope o-f the 
displa^cmc^-t-timc yaph is z^\ro. 



As -the dajc -Palls, i-t jets 
-Pas-tev- by\A -Pas-tev- *m a 
Time (s) dov/^y/av-ds div-cdtio^. The 
value of -the vclodiiy 

jc*ts lav-jev-. The o( 

■the vclodi-ty is negative, 
as -the is -Pall'mj 
doy/^y/d\rds- The slope o( 

"the displadcmc^*t-*tirwc 

yaph is ^cjativc because 
•the vdo^i-ty is negative- The 
slope jets s-tccpcv- because 
the sizjC o( -the velocity 
yb lav-jev-. 


Acceleration 
(m/s 2 ) 


TV^c slope is so 

i\\t ya— slopes do 鲁 


Graph of acceleration vs. time for the cage 
which goes up then down again 


The vclo^i*by-*bimc yaph has a 

乙 。灼 s*ta»rvt slope o( 一卞钐 m/s z be^duse 

•the a^^clcv-a*tio^-*timc yaph has a 
^ohs-ta^*t value o-f 一卞召 m/s Z 



Time (s) 



^tttlo'shoYx (a) is 
to^s-toi^*tly m/s 

I 


z 
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equations of motion (part 2) 


II you launcli 
an object 
straigkt up ， 
tke object’s 
velocity = 
at tke top oi 
its 



The second half of each graph 
looks quite like when we dropped 
the cage from the crane. 


Yes. The second half is like dropping 
something from a stationary start. 

What goes up must come down! At its highest point, 
the cage isn’t going up any more and hasn’t quite 
started coming down yet. The top of its flight is a 
'special point’ where its velocity is zero. 


So for the second part of its motion, when it’s 
coming back down, the cage behaves exactly as if 
it’s been dropped from its maximum height. 


there ^ are no o 

Dumb Questl9ns 


The is the sa^c shdpe as last 
tirwe, "though i^s the othev- way up 
"this "time up is positive- 


I can’t quite believe that the 
velocity-time graph is just a diagonal line 
like that. It seems too perfect. 

The acceleration is constant and 
negative. So the slope of the velocity-time 
graph also has to be constant and negative. 
This is another way of saying that the 
velocity-time graph is a straight line graph 
that slopes downwards. 

How do you know where to start 
drawing the diagonal line? You could put 
it anywhere on the velocity-time graph! 

Good point! If you didn’t know that 
the initial velocity was v 0 , then you wouldn’t 
know where to start drawing the graph. 


How do you know what angle to 
slope the velocity-time graph at? 

This is just a sketch graph, with no 
scales on the axes, so the angle doesn't 
matter much here. Just make sure the line 
goes through v= 0 when the object is at the 
top of its flight. 

If you were plotting a velocity-time graph 
with values on your axes, then you’d make 
its slope the same as the value of the 
acceleration-time graph. 

You said that the line should go 
through v = 0 when the object is at the 
top of its flight. How can something’s 
velocity be zero when it’s up in the air? 

There's a split second when the 
object reaches its maximum height. There, 
the object’s just stopped going up and is 
just about to come down. At that point, the 
velocity is zero. 


So when the velocity of a launched 
object is zero, does that mean the 
displacement’s zero as well? 

No ... it means that the slope of the 
displacement-time graph is zero. 

So you’re saying that we can work 
backwards from the acceleration-time 
graph to draw the other graphs? 

Close but not quite - the cage started 
with velocity v 0 and at x 0 = 0. If you hadn't 
known these initial values, you wouldn't have 
known where to start sketching the graphs. 

But I knew some start values, so 
the sketches are OK. Can I get on with 
plotting the equation x = x 0 + v 0 f + Vzat 2 to 
see if it’s the same shape as the sketch? 

Well, alright then ... 
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GUT check 


Is a graph of your equation the same 
shape as the graph you sketched? 


You can work out whether it’s OK to use the equation 
x = x Q + v Q Z + V2 at 2 by plotting it on a graph. If the shape is 
the same as the shape of the graph you already sketched, then 
you’re good to go! 



Y^uVc already reasonably 

suve its 0^ "fco use the 
C<\uatioh, as it s supposed "to 
woirk whch ihe a^cicv-atioh is 
dohs-tdht But you waht "to 

ABSOLUTELY sure! 


As you’re just doing a GUT check by drawing a 
graph and trying some values to see the shape of the 
graph, it’s OK to just choose a value for v Q . After all, 
you’re expecting the cage to go up and eventually 
come back down again whatever v Q is (as long as it’s 
positive!), so if the equation gives you that shape, it’ll 
be fine to use it to give the Dingo an answer. 



Batk *m cMayitr 1, v/c *tv-icd out 

values -fov *tKc 'T , c^f ^UT 
-to make suv-c i\\ai c<\uatior> y/c 
v/ovked ou*t *tKcvc v/as^*t do^flcicly 
， • 叔 ulous. Were, v/cVc 七十 3 some 
veaso^able values bo dvav/ a yafiv 
Tiic pvmdiplc is sarwe- 



You want to plot a graph of your equation x = x 0 + v 0 f + Viat 2 to see if it's the same shape as the 
displacement an object has when it goes up then down in real life. 


If the equation is correct, then it should produce the same shape of graph whatever value of v 0 you 
choose. We’re going to get you to plot the graph of the equation using v 0 = 15 m/s. 

a. Fill in the table of values. 


b. Plot the graph. Is it the same shape as your sketch graph? 



This is *thc sketdh yaph 
already did a to^\t 
550 . 


5 U 
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equations of motion (part 2) 


WlcVc 

l^m/s 


a =• 一卞 0 m/s Z 


\/c\rtidal a 乂 is 



Its up *to 
you *to choose 
a sta\t -fov- 
bo*th a^cs o-f 
youv yaph. 


八 


o 


Plo*t o( 
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graph your equations 


r%Jharpen your pencil 

Solution 


s 


You want to plot a graph of your equation x = x 0 + v Q f + Viat 2 to see if it's the same 
shape as the displacement an object has when it goes up then down in real life. 


|-f youVc ov 

ub*bra&tn^> <\uo*tc 
youv a 灼 *to 
same of 

decimal places as the 

least p\rc£-isc 的 umbd 


If the equation is correct, then 
it should produce the same 
shape of graph whatever value 
of v 0 you choose. We’re going to 
get you to plot the graph of the 
equation using v = 15 m/s. 


a. Fill in the table of values. 


b. Plot the graph. Is it the same 
shape as your sketch graph? 


Its -the same shdfe ds skc*Uii 
yaph so *to use e^ua*ticl 


l^ime(s) 

— 

rzzm 

1 0.0 

1 15 x 0 = 0 I 

0.5 

I x - 7.^ r 

1.0 

;X /.o 二 /5.0 | 

— 15 

内 x n zz.5~I" 

ZjZIj 

X 1.0 - 10.0 ~1 


/^X Z.5 =1 37.5~1 

__L 0 I 

/5 x 1.0 - 午 5 0 一" | 


0.5 x (-9.8) x o 2 = o 
X X Q5 Z 二 一 [23 

0.5 x ^.0) x l.o 1 — - 午乃 O 
05 x x /5 Z 

0.5 X C^,Q) x z.0 1 - 
of x c^.e) x z.^ z 二一如 
0.5 X U%Q) x - 一午午 / 




x = x o + v o t + 1 ^at 2 
0 + 0 = 0 

了弓 + (-I ZS) - 63 (I dp) 

^ + (-^-10) =. lo.l (I dp) 
Z2 -^ -H-//.Q) - //5 a d ~) 

+ (-/?•幻二 / o •午 （/ dp ) 
37.5 + C-io.b) - (I Jp) 

午弓 .0 + (- 午午 •/) 二 0 乃。却） 

1 








U 


0 


12 


m 


V 


5 


a 


0 


0 


八 



Plo*t o-f -the C^ua*tioir\ >c - ^ — V^*t + %a*t Z ) I ^ m/s 



a>5 


/ 




to 




n 










o 


(s) 


You can ckeck equations ty picking values and plotting a g[rapk. 
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equations of motion (part 2) 


Ready to launch the cage! 


The cage is ready for lift-off! You’ve sketched 
graphs and tried numbers to confirm that the 
equation of motion x 二 x 0 + v Q , + V2 3.t 2 works in 
any situation where the acceleration is constant 
- whether the cage starts off falling or going up. 

So you’re ready to rock and roll and work 
out a launch velocity for the Dingo! 


Oy\C,c the vclodi'ty^s 
d\\ he heeds 'to do is 
sit and wait -fov the E mu . 



c^l|^rpefi your pencil 


The Dingo wants to catch the Emu by launching a cage straight up in the air as the Emu 
rounds a bend. The cage needs to land 2.0 s later, when the Emu reaches the launch site. 


What should the initial launch velocity be? 


七二 0 s a 七 s^a\rt 
七二 Z.0 s a*t er\d. 

Up is positive div-cdtioh. 


A 


V 


? 


o 


>c 


o 

>c 


0 m 
0 m 


m 




d — 一卞召 m/s Z 


This is a -typical ^ucs-tio^. 

mdludcd "the sketdh 
you d\rc>w bc-fo\rc so that you _ 
dor /七 have -to do -that 
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bullet points 


^harpen your pencil 

Solution 


The Dingo wants to catch the Emu by launching a cage straight up in the air as the Emu 
rounds a bend. The cage needs to land 2.0 s later, when the Emu reaches the launch site. 


What should the initial launch velocity be? 

Need *to know v is -fo\r % O Z.O sedo^ds- 


o 


% 


% o + v^*t + Vzai z 


七二 0 s a 七 s*tav*t ^v\d 
*t =■ Z O s a*t cr\d. 

Up is positive divcd*tioh. 


c«\ua*ti 。 灼 *to say 二 


/t\ 


V 


? 


o 


V 


o 


V 


乂一 乂一 Vzai 1 


o 


乂一 乂一 Vzai 1 

0 


o 


—* G 

o 

Y* G 


m 


Put m ir\ur»\bc\rs. 



v 

o 

V 


0 - 0 - x ( 一， g) x Z z 

~ Z 

m/s (Z sd) 


a — 一 1 .公 m/s z 


Tv/o negative ^urwbcvs rwultiplied 

"tojethev is a positive 的 ur^bev*. 


The 'm'rtidl vclodi*ty should be 必 m/s (2> sd). 


^^^BUILET POINTS - 

■ Always start with a sketch. Draw in all the 
sizes and directions of the things you already 
know plus the ones you want to find out. 

■ If your equations involve vectors, make sure 
you decide which direction is positive and 
stick to it! 

■ Be very careful when you’re dealing with 

negative numbers!! 

■ If you already have any one of the displacement¬ 
time, velocity-time or acceleration-time graphs, 
you can work out the other two (though 
sometimes you may need initial values to know 
where to start drawing the other graphs). 


■ Before you ‘reuse’ an equation, think about the 
context you’re trying to reuse it in. For instance, 
does it only work when the velocity is constant, 
and is the velocity constant in your situation? 

■ You can use your key equations v = v 0 + af and 
x = x。+ v Q f + Vaaf 2 in any situation where there’s 

constant acceleration. 
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equations of motion (part 2) 


tJiereiare no ^ 

Dumb Questi9ns 


I did exactly the same as you did 
when I rearranged the equation to say 
' =something” but got a different 
answer when I put the numbers in. Why 
was that? 

You might need to spend a bit more 
time practicing with your calculator. 

Q/ It doesn’t seem fair that I do all that 
work then get marked wrong because I 
typed something in wrong. 

Understanding the physics is the most 
important thing - you won’t get marked 
wrong for the whole problem. In many mark 
schemes, including AP Physics B, you get 
most of your points for setting up the answer 
using the fact that you understand the 
physics. 


Is that why everyone’s always 
going on about how I should show my 
work and not just write down an equation 
or an answer? 

Partly. If you show your work, it's 
easier for you to spot any little slip you might 
have made on the way through that caused 
your answer to turn out wrong. 

But people who are good at doing 
physics and math don’t make little slips 
like losing minus signs or typing in the 
numbers wrong ... do they? 

You'd be surprised! That’s why we've 
been practising checking over your answers 
a lot, using things like SUCK and GUT. If 
you get into thinking in this way, it’s like 
having a second line of defense against little 
mathematical slips. 


So you’re saying that people 
who’ve more experience of physics than 
me make this kind of mistake as well? 
That’s a relief! 

Oh yes! 

Q/ So the main thing is that if I show 
my work, then I can go back and try to fix 
it if I spot something’s not quite right with 
my final answer? 

Exactly! It might be something as 
simple as inserting a minus sign and 
retyping the numbers into your calculator. 

Can we go see how the Dingo’s 
getting on with the launcher? 

Oh yes... 


II you skow 

your work ， 
it’s easier to 
spot - and 
lix - little 
niatkematical 
slips. 


Your launch velocity of 5.0 m/s is definitely right! 



So the Dingo puts his 
paw on the button, 
and waits ... 
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a faster dingo 



... and waits ... 


Suddenly, Emu runs past — from 
the other direction 
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equations of motion (part 2) 

Fortunately, ACME has a rocket - powered hovercraft! 

The Dingo goes back to ACME and discovers a rocket-powered 
hovercraft, which is tailor-made for his needs! Usually, he can’t 
run as fast as the Emu can, but now he can set the hovercraft to 
any speed he likes and use it to catch up with the Emu. More 
importantly, he can exactly match his speed with the Emu by setting 
the controls to 15 m/s. Perfect for passing on a party invitation!. 



ACME Rocket-powered 

Hovercraft 


However, the Dingo’s a bit nervous, as he’s tried 
this kind of thing before and it didn’t go well. 
Before he goes anywhere near the hovercraft, 
he wants to know its stopping distance (the 
distance that it travels between applying the 
brake and the hovercraft actually stopping). 


J / 


- Top speed 43 m/s. 

- Accelerates or brakes 
at 2.5 m/s 2 . 




parpen your pencil 



YouVc or^ly 
*to do 

skctdii 於 oy/. 

You II do *tKc 

ddlduld*t'ioy> la*tcv- 



- Financing Available 


You need to figure out the stopping distance of the hovercraft. So start off by 
drawing a sketch of the hovercraft. Do one sketch showing the moment that 
it puts on the brakes while traveling at 15 m/s. Do another sketch showing the 
moment that the hovercraft comes to a halt (before you release the brakes). Put 
on all the values you already know, plus the ones you want to find out. 


TKcvc avc vavious 
values oy \ 
y/cbs'i*tc above. 


pv-a>w 七 y/o scpav-a*tc Kovcvtv-a-ft dv-aVmy - 
o^t y/i-tK all tKc values a*t *tKc start 於乂七 *to \i a^A 
*tKc o*tKcv 


i-tK all tKc values a-t tKc -to it 


you are here ► 


305 



































one unknown 


^Jharpen your pencil 

Solution 


u did〆 七 use all of VdluCS 
vn i\)t V^ovcv^a-ft y/cbsitc - (or 

example, *ti^c iiovcv-dva-fVs -top s 严 ed. 

TV^aVs 0^ - some-times you 職’七 

r^ccd -to use all tV^c values youVe 少 v ⑼. 


You need to figure out the stopping distance of the hovercraft. So start off by 
drawing a sketch of the hovercraft. Do one sketch showing the moment that 
it puts on the brakes while traveling at 15 m/s. Do another sketch showing the 
moment that the hovercraft comes to a halt (before you release the brakes). 
Put on all the values you already know, plus the ones you want to find out. 



S*ta\rt 



Tiic atdclcv-atior\ S 

•is Bv\d - 人 

七 lie vclot'i*ty is 


a — 一 2 •.弓 m/s Z 
<— 

.I Ws 


Pmish 



positive- TKis 
siioy/s you 七 1 ^七 
i\\t Kovcvtv-a-f*t 
•is dctclcvatm^- 


i 




o 


Os 
O m 




? 

? 


Make -fov-y/av-ds -the positive di\rcd*tio^. 


The is 

bd^kwoivds bemuse putting 
oy\ the bv-akes makes -the 
hovcv-^v-a-ft^s velocity 
^holhgc \v\ the opposite 
div-c^tioh -fvorw the 

dilrefrtioh "the liovc\rfiva-f*t 

is tv-avdmg *m. 

^ I 

It^s hca\rly always best io 
dc-fihe =- O as youv- 
s*tol\rtmg po'mt 



So we just plug these values into the 
same equation we used before, and that 
gives us the stopping distance, right? 


You don’t know the time it takes to stop! 

The equation you used before, x = x Q + v Q ^ + V^a 户， 
has several variables in it: x, x Q , v Q , t, and a. You’re 
trying to work out the stopping distance, x) and you 
already know v Q and a. So far, so good. 

But you don’t know t\ If you have one equation 
with two unknowns, you can’t use it (on its own) to 
work out either of the things you don’t know. 


Before you try to 
use an equation ， 
make sure tkat 
tke value you want 
to iind out is tke 
ONLY variable you 
cton’t already know. 
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equations of motion (part 2) 



Jim: The equation we used last time is x = x 。 + v。/ + V^a, 2 , but we 
can’t use that equation here because we don’t know what t is. 


So we need to get the 
stopping distance, x, for 
the bingo’s hovercraft. 


Frank: Yeah, if there are two values you don’t know and only one 
equation, then you can’t work out what either value is. 


Joe: The hovercraft’s acceleration’s constant at 2.5 m/s 2 , isn’t it? 


Jim: MINUS 2.5 m/s 2 ! We made forwards the positive direction. 


Joe: OK, the acceleration’s -2.5 m/s 2 then, but it’s still constant, right? 
So there’s a second key equation of motion we can use, v = v() + a. 


Frank: I don’t see how it helps - that equation doesn’t have an x in it, 
which is what we want to work out! 


Joe: But it does have ^ in it. We know v Q , we know v, and we know a - 
the only other variables in the equation. So we could use this equation 
to work out a value for t to use in the other equation. 


Jim: That sounds good, but I don’t want to have to work out an 
intermediate value for t every time I want to do something like 
this. Is there any way we could make a substitution to get a more 
general equation that we could use to work out something’s 
displacement when we don’t know the time interval? That would be 
really useful! 

Joe: OK, I think you’re right about trying to be general. It’s more 
efficient, and we can use our new equation again and again to solve 
similar problems. But how are we going to wind up with an 
equation for x that doesn’t involve t ? 



How might you use your two equations, 
v = v 0 + af and x = x 0 + v 0 f + V 2 at 2 , to 
come up with a general equation that 
lets you work out x when you don’t 
know what t, the time interval is? 




This p\robler»> 


a 二 Z.5 ^/s 2 

<e- 

二 15 r«/s 

二 0 

0 



Finish 

a - Z.5 r«/s Z 

v — 0 rw/s 



A^Iake -Pomwairds ihe positive divediion. 


Working out a general 
equation is Letter tkan 
scrittlingf ctown a wkole lot 
oi intermectiate values. 
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substitute for the unknown 


You can work out a new equation 
by making a substitution for t 

So far, you know two key equations of motion: 


v = + a 纟 and x = x r 


vj + V 2 a.t 2 


You want to work out x, the stopping distance for the Dingo’s 
hovercraft. The hovercraft is traveling with a particular 
velocity and braking with a particular acceleration. 
However, you don’t know the time the hovercraft takes to 
stop, so you can’t use x = x Q + v Q l + directly. 


These 3\rc ihe i 
c^uatio^s you k>- 
a 七七 he 


However, you can form a 
new equation that doesn’t 
involve l by rearranging 
your other equation to say 
u t = something” then making 
a substitution. Then you 
can plug the values in to get 
the stopping distance. 


Evc\ry ii nr»c you sec 
•m ihis you dart 

subsiiiuic ihc th'mg 
tha 七 ’s c<\ual -to t 


X 


V 

= 

v 0 + at 




-this e'ua 七 icm 

"to say w -t — 



v n _ + y 2 a_ : 

- 


As you havWt 
vcainra^gcd the 
c^uatio^ yet, y/c^vc 
used 七 his symbol 
3s d pUdcholdcv"- 



II you need 
to get rid oi 
a variable ， 
tken make a 
sutstitution 
ior it. 
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equations of motion (part 2) 


^harpen your pencil 


Rearrange the equation v = v 0 + af so that you can substitute for t in the equation x = x 0 + v Q f + baf 2 and 
end up with an equation for x in terms of v 0 , v, and a. 

You may find it helpful if you use parentheses (also called brackets) when you make the substitution, to 
keep everything that’s equal to f together. 

iVeVc or^ly askih^ you *to make 
subs*ti*tu*tioir^ 3*t moment 
You do^*t Y\ttd *to Simfli-py 
C^ua*tio^ OY\tt you vc substituted 
(or - well do -that Y\t^ 
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clear and simple equations 



rpen your pencil 
Solution 


Rearrange the equation v= v Q + at so that you can substitute for t in the equation x = x Q + v Q t + Viat 2 and 
end up with an equation for x in terms of v Ql v, and a. 

You may find it helpful if you use parentheses (also called brackets) when you make the substitution, to 
keep everything that’s equal to t together. 

一 、 Remember *to EXPLAIN v/ha*t 

I have *two c«\ua*tio^s *to subs-ti-tu-tc *to \rid o-f *t ： youVc do'm^ a*b s-tajc- 




v — v + a*t 


o 



l-P you ^umbev- you\r i-t 

makes i*t casiev- (or you h> \rc-Pcv- ho 
•them \y\ youv- e 乂 pla 的 3*tior\s. 


Rca\r\ra^jc (Z) *to say “七二 七 hen substitute i 七 *m*bo 0). 


at 


V 


V 


o 


v — v 




Numbcv- -this c^uatio^ 2! ho show its a v-cav-v-a^^cd 

vcv-sio^ o( 2 ., 灼 o*t a 灼 cr^tiv-cly 灼 c>w c^ua-tio^. 


o 


( 2 !) 


a 


Subs*ti*tu*tc (Z 0 *m*to (I). 


% 


% 


o 


V 


o 



put -this m pav-c^*thcscs "to make it 

dlcav- -bha*t EVERyTttlN^ m -the 

pav-c^-thcscs is *to be mu l-biplicd by 

the o*thcv pav-b o( *thc 

Rcrwcmbcv -to mdlude 
z pav-t, as -the -t you 
v-cplatcd v/as s^uav-cd. 
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O 


Thafs a very complicated-looking 
equation. Can we try to simplify it a bit 
by multiplying out the parentheses? 


If you’re asked to work out an equation, 
always give it in its most simple form. 

Often when you do a substitution, you’re left 
with a complicated-looking equation with some 
parentheses in it. You can make life a lot easier 
for yourself by multiplying out the parentheses and 
seeing if some of the terms in the equation cancel by 
dividing out or adding to zero. 


You’re going to spend the next few pages making this 
ugly equation more clear and simple so that you’re less 
likely to make mistakes when you use it in the future. 


Clear, simple 
eejuations 
are nicer to 
work witk 
titan ugly, 
complicated 
equations. 

















equations of motion (part 2) 


Multiply out the parentheses m your equation 


You need to know how to deal with an equation where you have 
stuff inside parentheses that you need to multiply by something 
that’s outside the parentheses. 


For example, a(b + c) = ab + ac 



Po'mg this m stefs makes i*t casiev-. 
Fiv-s-t all, multiply whaVs ou*tsidc by 
■the m the 


丁 he 灼 multiply whats outside by -the sedemd -th'mg 
•m "the 的 "theses (dir^d so o 灼 if you have mov-c 

-two tlimgs m thev-c)- 

Rcrr»crr»bcv- - SC medrtS a X 乙 . 


[c^cmbcv- - you v/v-itc *two h> 

ca 匕 h o*thcv", *thev"C’s an implied x siy^ m between- 


You caw sort out owe of the terms ow the right hand side like this 

The first term on the right hand side of your equation is: 



v - v. 


V. 


a 


W\)Cv\ you w\ritc two "to ea^h othev 

like "Uiis, S irwplied ^ si^h ih between- 


Everything inside the parentheses needs to be multiplied by 
v Q , which is outside the parentheses. 


:^j^rpen your pencil 




Multiply out the parentheses for this term on the right hand side of your equation. 


v — v 




o + V 0 


o 




V — V 


z 


o 


d 


d 


You 匕扣 leave the tcv-ms 

— we’ve jveyed out as -they 

5 v*c toV* the rworwejvt. 
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squared terms 


(parpen vour pencil 

Solution 


Multiply out the parentheses for the first term on the right hand side of your equation. 


v — v 


* 二 V 


o 




V — V 


z 


o 


d 


a 






o 



W\\tY\ you multiply a -Pvad*t*ior> by a r^umbcv- 七 hat’s r>o*t a 

_ -Pv-adtioh, you or^ly multiply *tv>c b*rt or> *thc *tof <^P *tV>C -Pvadtio^. ^ 

S 。 七 he brt O 内七 he bo*t*tom slays as a/ ar>d Aotsr!i betome 、 o a/ 

You have two sets of parentheses multiplied together 

The other nasty-looking term on the right hand side of your equation involves something 
inside parentheses squared. If you square something, it means you multiply it by itself. 

For example, if you have (a + b) 2 , it’s the same as (a + b)(a + b). You need to multiply 
everything in the first set of parentheses by everything in the second set of parentheses. 

This gives you d 2 + ab + ab + b 2 ， which simplifies to a 2 + 2ab + b 2 when you add the two 
lots of ab together. 


Po'mg this m steps makes it C3sic\r. 

Fwsi o-f all, multiply "the -fiv-st ih'mj m the -fiv-st 
bv-a^ket by the -f i\rs*t thmg m the sc^o^d bv-a^kc*t- 



mu l-tifly m the -fiv-s*t bv-a^kc*t 

by *thc sc£.o^d bv"3^kc*t 


H) 


do same wi*th -the sttoY\A 

七 iVmg m 七 he -Piv-s*t bvadket 


Multiply every term 
in tke second set ol 
parentkeses ijy every 
term in tke first set 
ol parentkeses, one 
term at a time. 
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You simpli-Py youv* a^swev- a bi*t by 
add'm^ *thc *two lo-ts o( ab 































































equations of motion (part 2) 


then you caw figure out your second term ow the right hand side 

The second term on the right hand side of your equation is: 



Because the stuff in the parentheses is squared, this is the same as writing 


f v - V \ / v - V 

V 2 al 0 


a / \ a 


Everything in the second set of parentheses needs to be multiplied by everything 
in the first set of parentheses, like in the example on the opposite page. 


Do i\\t -top o-P i\\t first Multiply *tof 

户 ^karrmrl l/illir nanrrl bv cvcvyth*m«\ oy\ *tv>c -tof. do *thc bo*t*tom at *thc -fra^iiohS. 

^^rpen your pencil — 上切 i Y ' 中丄 bi t Y 〜一， - 佔“。知 


Multiply out the parentheses for the second term on the right hand side of your equation. 



It’s probably easiest to do the squared part inside the parentheses first (similar to the example on the 
opposite page), then multiply everything through by Via, which is outside the parentheses. 




— >c 


V 


V 


z 


o 


o 




V — V 


z 


o 


d 


d 



You tdiY\ lc3VC 

*thc *tcv*ms 


|*t’s easiest *to y/\ri*tc ou*t the m {} 

fav-c^*bhcscs x i*tscl-f -first, so you tBY\ 
multiply ou*b -the fav-c^thcscs mov-c easily. 



ycycd ou*t as 
they avc -Pov 
七 he moment 
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algebra matters 



Multiply out the parentheses for the second term on the right hand side of your equation. 

It’s probably easiest to do the squared part inside the parentheses first (similar to the example on the 
opposite page), then multiply everything through by Via, which is outside the parentheses. 




o 


V V — V 

o o 

a 


z 




V — V 


z 


o 


a 


It’s easiest -to \w\ri*bc out "the 
•th'mg m the x i*tscl-f 

like this, so you multiply ou*t 
./ the more easily. 




o 


V V — V 

o o 

a 


1 


Vza 


v / — — V 


o 


d 


d 




o 


V V — V 

o o 

a 


1 


Vza 


’M 1 — Zw 


Now you have to multiply cvcv-yth'mj 
msidc 七 he bv-adkets by Vzs ... 



negative x negative 二 fosi-tivc 
so (—V ) ^ (—v 


o o o 


乂 == •乂 


o 


v v — V 

o o 

a 


1 




d 



0 y \ "the bottom d the 

adtio^, a x a 二 a z 

… but "the a oy\ 七 he -fcop artd 
七 he a z oy\ *thc bottom da^dcl •to 
leave cvcv-yth'mj divided by a- 



rm finding this difficult. Does that 
mean rm not going to pass physics? 


You can still pass physics, but algebra is 
important too. 

In your exam you get points for understanding 
physics concepts - but you also get points for being 
able to explain physics using graphs and equations. 

For much of your course, you won’t need to do that much 
algebra. But if you need to rearrange equations and 
make substitutions to get a solution, you won’t get 
full credit if your algebra is a bit hazy - though you can 
probably score enough points to pass if you can explain 
how you would do the question. 

Your priority is definitely understanding the physics. 
There aren’t that many patches of nasty algebra in the 
rest of this book, so hang in there! 
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equations of motion (part 2) 


Where youYe at with your new equation 

You’re working out an equation that’ll give you the stopping distance 
for the Dingo’s new rocket-powered sled given v Q , its initial velocity. 
However, the only equation you had for x, the displacement, included t, 
the time it would take to stop. But you don’t know what t is. 

You’re already most of the way through working out a new equation for 
x that doesn’t involve t by rearranging some equations you already 
knew and substituting in for the variable t to get rid of it. 

You want the equation to be as clear and simple as possible so that 
you’re less likely to make mistakes when you use it. You just multiplied 
out the parentheses to try to simplify the equation. But it doesn’t look 
particularly simple at the moment! 






= 




You need to simplify your equation 
by grouping the terms 




[E (3 + 3) 




Now that you’ve multiplied out the 
parentheses, your equation has a lot of 
terms in it! If you group together all the 
terms that are the same letter (or letters 
multiplied together), you’ll be able to 
simplify your equation. 

For example, if you have the equation 
a 二 b + c-b - 2c, you have b and -b on the 
right hand side. When you group them 
together, they become b - b — 0. You also 
have c and -2c. When you group them 
together, they become c - 2c — -c 

Written out, the work looks like: 

a 二 b + c-b-2c 

a — b-b + c-2c 

a--c 

If you do something similar with the 
equation for the hovercraft’s stopping 
distance, it’ll be a lot clearer to work with 
and less prone to error. We don’t want the 
Dingo to get hurt when he only wants to 
invite the Emu to his birthday party. 


Y^Harpen your pencil 


Group together the similar terms on the right 
hand side of your equation, and simplify it down. 

(We’ve already started by joining together the 
terms that were all being divided by a). 






V 


v/ + W - vv o + 


z 


o 


d 
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sharpen solution 


Ov\ *tK'is \'\Y\t, *tKc 
SimildV- *tcV-rwS 3VC 

youpcd 

These *tv/o *bc\rms 
add up *to z^\ro 
av\d taY\tc\ tacM 
o*thcv ou*t. 


^Jharpen your pencil 

Solution 


Group together the similar terms on the right 
hand side of your equation, and simplify it down. 

(We’ve already started by joining together the 
terms that were all being divided by a). 






V o V - V o 


1 + Vzs / 1 - vv + Vkv z 


o 


o 


o 


a 








n + 一 V + 


o 






o 


% 


% 


%v z - VZM 1 
0 

d 


V Z - V z 

o 


a ^ - 



o 


la 



Tliis c^ua*tior\ is usually ycav-vay>^cd or\ 
c^uatio^ "tables *to say: 


v z — v 


o 


1 + 2*a (乂一 >0 


o 



^elax 


Wc^vc spaced *tKc I'mcs c^f 
■tKc ar\sy/c\r ou*t so 
a^r\o*tatio^s C^v\ 



pid you spot and 7 

av-c jus 七 *tKc sar^c y/v’rbt 忧 

•m a di-f-fevc^-t ov-dev-? 

This is what happens 
when you Jiroup •fcogethev- 
"the V q Z iev-rws. 

| 仏灼 idev" "to wvi-tc 

% v z 一 i-t is 

"to v/vi-tc - Vzm 1 + Vzm 1 . 

o 


This is just a ^catcv- 
way o( *bhc 

same that you 
have m the Imc above- 


You won’t need to do all that again! 


We’ve been working out this key equation 
as an opportunity to practice the kind of math 
you’ll come across while you’re doing some parts of 
physics. Now that you know the equation, you can 
use it time and time again - either from memory (in 
your multiple choice paper) or by looking it up on your equation 
table (in the free response section). 
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equations of motion (part 2) 


— - - - 



If I woiVt need to do all that again, why have I 
been doing it now? I checked - other physics textbooks just 
give you that equation and let you get on with using it! 



You’ve been learning some important 
algebra as you go along. 

Although we said that you don’t need lots of algebra 
to pass physics, we’d rather you understand as 
much as possible. If you manage to get your head 
around this, you’re setting yourself up to do really 
well if you take an exam. 

It’s important to be able to do things like multiplying 
out parentheses now so that you won’t feel lost or 
confused later on. It also means that you won’t have 
to completely skip parts of exam questions where 
you understand the physics perfectly because they 
involve algebra at a similar level to this. 


You can use your new equation to 
work out the stopping distance 

You’ve worked out an equation you can use to calculate the 
stopping distance of the hovercraft for the Dingo. 


TV^is is i\)C skc*Uii 
pvoblcm you 
dvcw bc-fovc- 



‘^|^rpefi your pencil 



A rocket-powered hovercraft is traveling at 15 m/s. When the 
brakes are applied, it decelerates at a rate of 2.5 m/s 2 . What is 
its stopping distance? 
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three key equations 



rpen your pencil 
Solution 


A rocket-powered hovercraft is traveling at 15 m/s. When the 
brakes are applied, it decelerates at a rate of 2.5 m/s 2 . What is 
its stopping distance? 

O z - l^ z 






v z - v z 

o 


o 


u 






O 


% 


Z X (一 z.$) 


午弓 m ( 2 - sd) 


The s*bopp*mg dis*ta^c is 午弓 me 七 e\rs (Z sd). 



There arc THREE key equations you can 
use when there's cowstawt acceleration 


As well as a stopping distance to pass onto the Dingo 
you now know the three key equations that will 
enable you to deal with any problem where the 
acceleration is constant. 

Falling things, launched things, rocket hovercrafts, 
cars, boats - you name it. 

Now that’s a real superpower! 



Tiiis is 七 lie c<\ua*t'ior\ you 
jus 七 >wovkcd ou 七 .I 七 s 
sometimes ddllcd 
time ’ c<\ua*t'ior\ bcdausc 
•tKc variable 'V docs^t 
apfcav- m {\\t c<\ua*tior\. 


This is exactly the same 

C<\uatioh, but \rca\r\rahacd 

I I I sJ 

SO that thc\rc a\rc ho 
■fv*a^*tiohS ih it 

你 eirtiohed it hcv-c 

because its the vcv-sioh 
the c«\uatioh you'll 
oh c^uatioh sheets. 



运气七 iohS o-p ry\o 七 ioh 


丁 he key C^Ucl'tiohS -Po\r sorv\C*tKih^ 

with dohstaht addclcv-aiioh. 




% 


O 




z 


v + 
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equations of motion (part 2) 


So the bottom line with the math stuff is 
that if I can use these equations, I'll do OK. But if I 
can rearrange, substitute, multiply out parentheses, 
and simplify equations, I can do even better? 


That’s right ■ math is just another tool 
to help you get better at physics. 

Most physics books assume you can already do 
algebra to use the equations they give to you ready- 
baked. This book is different. You’ve gradually been 
introduced to a lot of algebra in the context of 
physics so that you can use it as a tool to help you 
understand physics the best you can. 

If you’re not so sure of some of the math, you can 
still do OK, but it’s up to you to practice anything 
you initially find difficult until you get better at it. 


thereiare 

Dumb ( 




esti9ns 


So am I supposed to memorize all 
of these equations? That’s an awful lot! 

I thought this was supposed to be about 
understanding, not memorization! 

The first equation, v = v 。 + af ， says 
that your new velocity is the same as 
your old velocity, plus the effect of your 
acceleration. You don’t care about x 0 or x. 


So if the best way to learn 
equations is to do lots and lots of 
problems, how come Head First Physics 
doesn’t have hundreds of examples at 
the end of each chapter, like most other 
physics books do? 

One reason is that you’re learning and 
doing problems throughout each chapter. 


So if I keep a lookout on the Head 
First website, will there be something up 
there to help me practice? 

Yes, well be producing some online 
resources to go with the book. 



The second equation, x = x 0 + v 0 f + V^af 2 ， 
says that your new displacement depends 
on your old displacement, your initial velocity 
and your acceleration, as well as the length 
of time you’ve been going for. You don’t care 
about v. 


This book is about trying things out while 
you’re learning. You use the concepts as you 
go along so that you really understand the 
physics, rather than the 'read along and nod’ 
method that most textbooks use. There are 
plenty of resources with practice questions 
out there - do spend time working through 
lots of problems to reinforce what you're 
learning here. 


The third equation, v 2 = v 0 2 + 2a(x-x 0 ), is the 
one you just worked out. It gives you your 
final velocity when you don't know f, the time 
you’re traveling for. 

Or AoY\*i L 狄 t about 
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dingo versus emu 


The rocket-powered hovercraft is a great success... 




Top of 
cliff 7 m 
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equations of motion (part 2) 


You need to work out the launch velocity that 
gets the Pmgo out of the frrawd Canyon! 

The Dingo’s fallen over a cliff, but he had a soft splash landing. 

Fortunately, he still has his ACME launcher. And a new idea! If he 
launches himself into the air so that the top of his flight is exactly level 
with the top of the cliff, he should be able to pass the Emu the party 
invitation - but in a situation where the Emu doesn’t feel scared. 

The thing is that the Dingo doesn’t know what what his launch 
velocity should be. If he sets the launch velocity too low, he won’t 
make it up to the edge. If he sets the launch velocity too high, he’ll still 
be going up when he reaches the edge and might not have time to pass 
on the invitation. 



What should the Dingo set as the launch velocity this time? 


— c^|terpen your pencil 


Do as rwudh <4* -this as you 

乙 3 灼 -fvorw rwCrwo\ry, "the 灼 

badk -to page 引午 "to 
匕 0 Py 七 dowh. 


The Dingo is stuck at the bottom of the cliff with a launcher. If the cliff is 7.00 m high at this point, 
what launch speed will mean that the top of his flight is at the top of the cliff? 


a. Start with a sketch! Draw everything 
you already know about. 


b. Write down your three key equations for doing 
these kinds of problems. Next to each variable in 
each equation, put a ? if you want to find it out, a 
tick if you know it, and a cross if you don’t know it 





TVu is a 灼 imfov*tar\*b 
^\roblcw'- - sol'/nr\^ skill* 


c. Do you think you can do this problem straight off, or do you need some extra information? 
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solutions 



rpen your pencil 
‘ Solution 


Do as mudh o-P 七 his as 
you C^y\ -fv-om rwcmovy, 
tu\nr> badk -to 
31 午 "to dopy ihcrw jovm. 


The Dingo is stuck at the bottom of the cliff with a launcher. If the cliff is 7.00 m high at this point, 
what launch speed will mean that the top of his flight is at the top of the cliff? 


a. Start with a sketch! Draw everything 
you already know about. 


Up is positive 


a — 一卞 0 m/s Z 


小 


V — ? m/s 

o 






1.00 


b. Write down your three key equations for doing 
these kinds of problems. Next to each variable in 
each equation, put a ? if you want to find it out, a 
tick if you know it, and a cross if you don't know it 





7 


x 




v 




o 


V 


o 


Vza {: 


z 乂 


T^is is 

^>y*oblCw'—solskill* 


7 


V 








v 


s 


o 


V o Z + W 一 V 




If you Aoy\\, khov/ 
whidh c^ua-tior> {p use ； 
you should always have 
3 Jo at do'rn^ 七 his. 


c. Do you think you can do this problem straight off, or do you need some extra information? 

AH o ( -the c^uatio^s have sornctiimj else m I dem’ 七 know v o\r 七 o\r both,), as 

v/cll as (y/hidh is y/ha*t I v/a^*t *to -fmd ou*t). So | r\ttA some wbra m-fo\rma*tioir\ *to do 七 he p\roblcr»\. 



WouldiVt it be dreamy if I 
could work out v or t somehow, so 
I could use the equations to get v 0 . 
But I know \Ys just a fantasy ... 
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equations of motion (part 2) 



Slope displadcr«cir>*t— 
■bime gvapK is TJCrOi so 

vclodity /l/IUST be z^vo 


Sometimes you’ll need to spot a ^special point . 9 

Don’t settle just for the information you’re given in a problem. 
Start with a sketch. Be the Dingo. Spot the “special point ’！ 

You’ve just realized that the top of something’s flight is a special 
point where it’s stopped going up but hasn’t quite started going 
down again. So the velocity is zero there. 

This is a value you can use in your equations to help you work 
out other things. 



‘^|^rpefi your pencil 


^ Now that you’ve spotted the special point, use your extra information that v = 0 at the 
top of the Dingo’s flight together with what you did on the opposite page to calculate 

V^u should add v - O w h at his launch velocity should be. 

"to youir sketch, av\d 
七 idle V cvcmy -time you 

SCC i-t Bv\ C^uatio^. 
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what goes up … 



rpen your pencil 

Solution 


Now that you've spotted the special point, use your extra information 
that v = 0 at the top of the Dingo’s flight together with what you did on 
the opposite page to launch him out of the Grand Canyon. 


v 


z 


v z + 2>a ( 乂一乂） 


o 


o 


*to say — 


v/ 二 / - iay 


V 


o 


V 


o 




lin m/s (Z sd) 


— 

is 的 o\w the ohly u^k^oy/r>-> 

•m 七 his c^uatioh. 


Tliis y/ovks out as 

: x posiji vc 




6 1 - Zx (一 X n.oo - of 


The Dmjo *to be Idu^dhed 117 m/s (1> sd). 


The launch velocity's right! 

You just used the fact that v = 0 m/s at the top 
of the cliff to work out that the Dingo’s launch 
velocity should be 11.7 m/s. 



七 io 灼： 

you kr\ov/ y/iia*t v is. x 



But the Dingo doesn’t like getting 
wet, and wants a better plan for 
landing than splashing into the river 
again. He has an ACME inflatable 
landing area and wants to press its 
inflate button at the same time as 
launching himself up in the air. 

The landing area takes 1.00 s to 
inflate. How long will the Dingo be 
in the air for? Will the landing area 
have enough time to inflate before 
he comes back down? 
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So we need to work out the 
time the Dingo will be in the air 
for. That shouldiVt be too bad. 


Jim: Yeah, we already know a lot of values! x Q and x will 
both be zero (as he’s starting and finishing at the bottom of 
the canyon). And v Q = 11.7 m/s. 

Joe: Not forgetting a = -9.8 m/s 2 . 1 think we know more 
values right now than we’ve done for any other problem! 

Frank: So which equation can we use? We don’t know what 
v is, so we can’t use either of the equations with v in them. 

Jim: Well, that leaves x = x 。 + v Q ^ + which should be 

cool. We know x, x Q , v Q , and a ... that leaves only t, which is 
what we want to calculate! 

Joe: One equation, one unknown - sounds ideal! 


equations of motion (part 2) 



Frank: So I guess we rearrange the equation so that it says 
u t = something.” 

Jim: Yeah, let’s get on with it! |mpo\rta 灼七 



Write down your 

工 ! Ik” 咖厂 equations, and tick or 

cross tke variables you 
know or don’t know. 


— your pencil 


a. Try rearranging the equation x = x 0 + v Q f + 16af 2 to say "t = something,” so you can 
use it to work out the time it takes the Dingo to go up and back down again. 


b. Write down your thoughts about whether this idea will work or not. 
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zero values 


^Jharpen your pencil 

Solution 


a. Try rearranging the equation x = x 0 + v 0 f + Viat 2 to say"f = something,” so you 
use it to work out the time it takes the Dingo to go up and back down again. 


can 




v 


o 


二 % + v *t + Vzai 2 

0 0 

二 卞一孓 一 Vzai 1 

0 

>c - >c - Vzai z 

— o _ 


TVy *to yt 七 his 七 o 灼 i*ts ovm 
h> say w *t ― sometlVmf 


v 


o 


But 灼 ov/ •thcv-c^s a *t Z ovcv- hcvc, 
so 七 docs 灼’七 y/ovk. 


b. Write down your thoughts about whether this is a good idea or not. 

This is^*t gomg *to wo\rk- |-f you *tv*y *to \rca\r\ra^jc *to say w *t — 

•thcv-c^s a i z oy\ o*thc\r side- i-f you jc*t *t z oy\ i*ts o>ny\ *to *bdke a 
s^uav-c \roo-t, *thc\rdl s*till be *thc 七 on o*thcv- side. Y^u 匕扣’七 simplify 
e'ua*tio 灼 *to say w *t — sowtlVnr^ •” 


Sividily spcakmj, -this is 
possible you use someth mg 
Edited the ^uad\ra*ti^ ^Povmula. 

I*P you dkeddy know how -fco 
do this, -fed "to use 
■this rwethod- But i-f you’ve 

heve\r hcav-d o( ihe <\uadv-aiid 
-fovrwula bc-Povc, dor / 七 v/ovv-y. 
YoJyc about bo lea\rir> a rnudh 
less dorwplida-tcd way ... 


You need to find another way 
of doing this problem 

Your equation x = x Q + vj + V^a, 2 contains two 
terms with t in them, vj and V^a^ 2 . Because 
one of the terms has t in it, and the other has t 2 in it, 
there’s no easy way to rearrange your equation to say 
“t 二 something” because the t and t 2 won’t cancel by 
adding to zero. 

However, if either v Q = 0 or a = 0, then one of these 
terms would disappear. This means you’d be able 
to rearrange the equation to say u t = something” and 
use it to calculate the value of t. 


I*P vaviablc thats multiply. 
a tc\rm is z_c\ro, 仏⑶ the whole 
■te\rrw is z^vo av\d dis^ppedv-s. 


% 


% 


0 


Z 7 



+ 


1( — O, -the c<\uatioh 

becomes 乂二乂 + V^ai z 



o 


|*f a — O, c<\uatior\ 

bcdow^cs 卞 二卞 , 


o 


o 


Wkat would kappen to 
your eejuation ii ctiilerent 


variables were zero? 
Would tkis make tke 


equation easier to solve? 


If a = 0, then the equation becomes x = x Q + v Q ^, which 
is the equation you worked out before for something that 
moves with a constant velocity without accelerating. But 
the acceleration isn’t zero in this scenario. 

But if v Q = 0, then the equation would simplify 
to x = x 0 + l /23.t 2 , which you can rearrange to say 
“t 二 something.” That’s incredibly useful! 

If only there was a way of reframing the problem so that 
v Q = 0, then all of this would be possible ... 
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equations of motion (part 2) 




rpen your pencil 



A dingo is launched with an initial velocity of 11.7 m/s upwards. The top 
of his flight path is 7.00 m from the level he started at. 

a. Use symmetry to make a new problem where v 0 = 0. This will enable 
you to rearrange the equation x = x 0 + v Q f + Viat 2 to say "f = something." 
Use this equation to calculate the time it takes for the Dingo to return to 
the bottom of the cliff. 


YouVc 

a 

pv-oblcrw, 
so stav-t with 
d hCV/ sketch. 


Look out ior 
symmetry tkat 
itiigkt make a 
karct protlem 


easier 




b. The Dingo's safety device takes 1.00 s to inflate. Will the safety 
device have inflated before the Dingo lands? 


you are here ► 
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solutions 


r rp^i your pencil 

Solution 


A dingo is launched with an initial velocity of 
11.7 m/s upwards. The top of his flight path is 
7.00 m from the level he started at. 

a. Use symmetry to make a new problem wherl 
v 0 = 0. This will enable you to rearrange the 
equation x = x 0 + v 0 f + baf 2 to say "t = something.” 

Use this equation to calculate the time it takes for 
the Dingo to return to the bottom of the cliff. 

lVo\rk ou*t tiw'C i*t *takcs him *to -fall 1.00 m, 

double i 七 *to the time ’rt takes him *to Jo up dovm. 

Dovm is positive v — 0 m/s 

七二 Os 



You hal-f 

time jo'mj up ... 



...o*thcv- 
hal-f jomj down. 


d — ^ m/s z 



? s ^ 




o 


O 


Now youVc OUL^/ 

y/i*th vc^*bo\rs pomtmg 
dow^y/a\rds ； you 匕 3 灼 make 
down *thc positive div-c^tio^ 
so -that *thc rwa*th is easier. 


So -the TOTAL- *timc i*t 
•takes -fco 50 up a^d dov/r\ 
is double -the "time i 七 
takes *to -fall -fv-om *thc 
s3n\C height 





1.00 





Now *thevVs only 

y\o *t> so ^ 
-this is c^uatioi^ 
you CBy\ solve. 


+ Vka*t Z Rca\r\ra^y 七 his *to say w *t — 


O so *this is 2 jC\to. 



1U 




o 


in.oo - o) 


d 




I.ZO s (Z sd) 

% _ 


b. The Dingo's safety device takes 1.00 s to inflate. Will the safety 
device have inflated before the Dingo lands? 

Yes, -the sa-fety devide m-flatcs bc-fo\rc the Dmjo la^ds. Rcsul-tf 


Tke top oi 
tlie flig[lit 
patk is 
exactly 

HALFWAY 

tkrougli tke 


Tke time it takes to go irp and down is 
DOUBLE tke time it takes to fall from 

tke top ol tke lligkt patk. 


You yt 七 he same av>sv/cv- i-f 
you make w uf' 七 he positive 
divcdtio^, bu 七七 hcvVs move 
Visk (Jc mdkm^ d mis*t3kc 
y/rth mmus si^r>s. 
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equations of motion (part 2) 


If ifs symmetrical, does that mean that 
you have the same speed when you hit the 
bottom as you did when you were launched, 
but in the opposite direction? 


At a single height, a launched object has the 
same speed whether it’s going up or down. 

The Dingo left the ground with a speed of 11.7 m/s and a 
velocity of 11.7 m/s upwards. Since going up then down again 
is symmetrical, his speed at the bottom will also be 11.7 m/s ， 
and his velocity will be 11.7 m/s downwards. 

Also, at any displacement in his flight, his speed will be the 
same whether he’s going up or down. This is another special 
symmetry thing that you can sometimes use to solve 
problems. If you start and end at the same height, then v = -v . 




So why was I trying to find a 
special point where v 0 = 0? I wasn't quite 
sure about that bit. 

You want to use the equation 
x = x 。 + v 0 f + V 2 af 2 to calculate t. But 
because it has both f and t 2 in it, you can’t 
easily rearrange it to say “f = something.” 

But the term with the fin it is actually v 0 f. 

So if you can reframe the problem into one 
where v 0 is zero, you lose that term entirely 
and can solve the equation to find f. 



thereicire no o 

Dumb Questions 


But couldn’t I just use the quadratic 
formula to solve for t without having to 
do all of that symmetry stuff? 

If you already know how to solve 
quadratic equations like this one, that’s fine. 
Feel free to use any method you understand. 

But spotting the symmetry and working out 
how long it takes to fall, then doubling it is 
actually easier mathematically and a very 
useful shortcut to know about. Symmetry 
makes hard problems easier. 


Youll also leam a^oacM *to do\^ / 

a f\roblem like *tK*is m 1^ you 

use you y/3ir>*t *to- 


v/ovv^Y dbou 七 'tKis is i-r you dor\ 七 

dlv-eady k 灼 ov/. You r\ttA b> use \z 

you ddv> spo-t symme-tvy m pvoblcmsf 

But what if I’m in a situation where 
I can’t make v。= 0? How do I solve that 
kind of equation then? 

In that case ， it’s usually most 
straightforward to work out a value for v, so 
you can use the simpler equation v = v 0 + af. 

You’d do this using the other one of the three 
key equations, v 2 = v 0 2 + 2a(x - x 0 ). 

Ack. I have trouble remembering 
these equations. 

Don’t worry - it’s on your equation 
table. And you’ll naturally memorize it as you 
practice using it. 



Symmetiy makes karct problems easier. 
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The start of a beautiful friendship 


Thanks to you, the Dingo has managed to deliver 
his party invitation. And the party marks the start of 
a beautiful friendship. 

























Question Cliwic: The "Sketch a graph" or "Match a graph" Question 



Sometimes you’ll be asked to sketch a graph or match a 
sketched graph with an equation or story. The point is to show that you 
understand whafs going on. Sketching a graph will usually be part of a free 
response question, and choosing graphs that match stories or scenarios is a 
standard style of multiple choice question. 



ALWAYS START WITH A SKETCH!! 

youVc asked (or a yaph, sketch the situation 
■to youv v/holc bv-a'm zx>Y\td \y\ oy\ the job. 


Make a v\o{,t o( m’rt’ial 

PIRECTIONS, ar>d dcdidc 

div-cttio^ *fco make positive- 


_ 


Alake a o( a^y ’mrtial 
\ZALUES, 3 s you should 
mdlude "therw ov\ youir gv-aph. 


You do^*t have *to adiually dv-aw 
■the yaphs \y\ this ovdev-. TKc 
easiest ov\t is the ad^clcv-a*tio^ 
as i*t’s a dohs-ta^*t - m/s z . 

So s*ta\r*b >/i*bh that a 灼 d wo\rk 
badi^ards. 


a. The displacement 

b. The velocity 

c. The acceleration 


assumptions you make, 




is you >wi 

This *tclU you y/heve or> hoviz^orvtal a 乂 is. 
youvy^kdh should c^d- 


jci the 

SHAPE v-ijht J)ov\{, ploi 
ov\\y put ov\ values you 
kr>oy//liavc beeK) jivcr>. 






/ 









\ J 




P 。 灼 ’ 七 -fov-yb *to do this 
bi*t> ov- you’ll lose pom*ts| 


If youre asked to sketch more than one 
graph (like displacement, velocity, and acceleration), 
ifs usually best to work out which graph is easiest to draw, 
and start with that one. You can then work out what the 
others look like by thinking about values and slopes. 


0 
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Question Cliwic: The "Symmetry" awd "Special points" Questions 




Some of the questions you'll be asked about moving 
things will have one simple step. But in many, you’ll have to 
spot symmetry to take a shortcut - or to make the problem solvable at all. You 
may also need to spot 'special points* that give you extra information because 
of symmetry - like v = 0 at the top of somethings flight, or the fact that 
something’s speed will be identical at the same height whether ifs going up or 
coming down (though the direction of the velocity is different). 


ALWAYS START l^lTtt A SKETCH// 


I 七 s*tav-*ts av)d -f misKcs at same 

so i*t v/ill Kavc same SP&EP 
both times, just m opposite A\rtt{ ： \oY\s. 


TK*IS is ask’i% *foV" a 七 imC. 
l-f you alv^a^/ kr>o>w 

you tould v/ovk out 
\\o\n loy>5 *i*t -takes *to -fall 
*tKa*t -fav ar^d double it 


a . what is the value of its velocity justbefo^^ 
the ground 

^ how long does it remain in the air for? 
c m aximum h eight it reaches? 


/ 


\ 


But hcv-c you k^ov/ v artd 
' alv-cady (as v q — -v), so 
you da 灼 use v — + a*t. 



a 'special fomV >wiicv-c vclodi*ty is 

z£ro av\A i\\ai i-t yts 

•bKc -time \i -takes bo 30 up a^d dovm.. 


_ l^TCW 11 M fav 七 

P ,oblc V,as a D 杯難 T _ 
POINT -top 沿吵 *t path 

ms*bcdd o^c ^vour>d level )； some o-f youv* 
variables v/ill have di^fev ⑼七 values. 



The secret is to keep calm and start with 
a sketch. Write down the three key equations, add in 
'special points* to your sketch, then play with the terms and the 
variables in your equations until you know which of them to 
use to get the answer you want. 






































equations of motion (part 2 ) 




Equations 
of motion 


Three equations that you can use to calculate the motion 
of an object that is moving with constant acceleration. 



Symmetry 


In physics, the second half of something’s motion 
sometimes mirrors the first. For example, going up 
into the air then back down again is symmetrical. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 8 under your belt 
and added some equations, math 
techniques and problem-solving skills t< 
your tool box. 



E'ua 七 IO»r\S of motion 

The iWtt key c<\ua*tio^s -for someth'm^ 
y/i-th dohs-ta^-t aut\t\-aho^ 


l/eriow positive divc^,o h 

l^, h youVc f wlih 9 wi ^ that all 

^zr P ：sr have ^ decide ^ 

so ih f ^ 

… I Ii4 the sa _ 卜山 s 

/ [all you, v ^Ws p oih t dow, f c .a, ah 

Wp? 二 = 3 Lt e :^ do - 


% 


X 


V o" + UU ^ 


with r^ihus sijhs. 

Pav-c^-tKcscs 

叫⑶ youVc mul-biplym^ out pav-c^cscs, 
you multiply cvevy *bcv*m msidc by cvevy 
-bev-m ou*U*idc ： 

a(b + d 二 ab + a 乙 

(a + b)(a + b ) 二 a z + Zab + b z 




Special poiirts 

Spedial poihts help you -fco s—|i(y 
3hd solve pvoblc^s. 

十七心1 velocity ^ O at the U 
objed：’s -flight. 

A 


]/\l\\\t)n equation of 
motion should I use? 

|-f you do 灼七 k^oy/ c^u^tio^ 

of motion *bo use, y/vitc do>m all 
*bWcc o^c "b^cr^* T»£.k *thc v 3 viable 
you k^ov/ values -fov, ^v*oss *Bie 
vdvidbles you do^*b k^o>/, a^d put 
a ? by *b^c vaviable you >/扣七 *to 
-f md out Fov example ： 


Symme-tvy 


< + 1 ? 


Tk 

lAfell 
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x — 




十 vz^e 


乂 


7 


V 




0 


V 


1 


o 




|l/VVh ah objedt Joes up thch 
lowh, the up pav-t ahd the 
lowh pa\rt its moiioh 
的仏 take the same TIME. 

heh som^thih^ ^ocs up 
: heh dowh, its VBLOClTY 
As the sSmnc siz^ a*t dhV 
° h ^ height v-cgavdlcss o+ 
whether the divedtioh 

the velocity is up o\r dowh. 







9 triangles, trig and trajectories 


♦ Going two-dimei^ional 



So I was, like,' When's 
this physics book ever gonna 
get onto the REAL stuff." 
And then it hit me right 
between the eyes ... 






So you can deal with one dimension. But what about real life? 

Real things don’t just go up or down - they go sideways too! But never fear - you’re 
about to gain a whole new bunch of trigonometry superpowers that’ll see you spotting 
right-angled triangles wherever you go and using them to reduce complicated-looking 
problems into simpler ones that you can already do. 


this is a new chapter 


castle defense needed 


Camdot - we have a problem! 

The Head First castle is in imminent danger! Back when it was 
built, the longest ladder available from Sieges-R-Us was 15.0 m 
long. So the castle was designed with a moat 15.0 m wide and 
a wall 15.0 m high, making it impossible for anyone to put a 
ladder from the edge of the moat to the top of the wall. 


o( laddev 

is y\o^i\\CcC 
•top <Jc wall. 


Wall 


Ladder 


ladder is at 
o-f moat 



But the Sieges-R-Us website has just been 
updated with a new top of the range 25.0 m 
ladder. It’s only a matter of time before someone 
comes to attack your castle armed with the new 
ladder, and your current defense system just isn’t 
big enough... 



S 腦 ES-R-US 
Ladders 

5m siege ladder 

1 W all y«jr baste DIY 

10m siege ladder 

Fw dealing wilh srmui 

15m siege ladder 

舰 hil ttW &1 的 《1 tOSXi 

25m siege ladder 


CXir nt-w 


The laddev 



with the new ladder, and you’ll be toast. It’s time 

to design a new castle defense system! 
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triangles, trig, and trajectories 


^l^drpen your pencil 


Chc^k -the bo% 

*to the idea 
you *thmk is best- 




Here are some ideas for a new castle defense system. 

Unfortunately, you don’t have many spare stones lying around, only 
some shovels and food. 

Write down at least one advantage and disadvantage of each idea, 
and check the box next to the idea you think is the best. 


Coat the top of the wall with something slippery. 

Advantage(s) Disadvantage(s) 


Make the moat wider. 

Advantage(s) Disadvantage(s) 


Run away! Run away! 

Advantage(s) Disadvantage(s) 


Make the wall higher. 

Advantage(s) Disadvantage(s) 


Put a health and safety rep on the top of the wall to recite the 
working height directive repeatedly to anyone who gets higher 
than 2 m. Also to ask when their ladders were last inspected 
and if they have been trained in the proper use of ladders. 

And insist that they all wear safety harnesses, hard hats, ear 
defenders, goggles, gloves and toe protectors. 

Advantage(s) Disadvantage(s) 


you are here ► 


337 






































we need a wider moat 



Here are some ideas for a new castle defense system. 

Unfortunately, you don’t have many spare stones lying around, only 
shovels and food. 

Write down at least one advantage and disadvantage of each idea, 
and check the box next to the idea you think is the best. 


Coat the top of the wall with something slippery. 

Advantage(s) Disadvantage(s) 

.Ladders v/ill sji^ i*t . iVashcs oW 

delay a bit dat, i^o*t a j 々 ?! •• 



Make the moat wider. 

Advantage(s) 

.J. shovel. ^ «l 

widev moat 


Disadvantage(s) 

.I.V>. 打 pit suirc.Kpy/.y/idc.'jbp.make 
-the moat- 


Run away! Run away! 

Advantage(s) Disadvantage(s) 

.J. be .*t]Kc\rc. y/Kc»^. iKcy.ThcylL yt .th?. A 彡 ? il.c... 

mto -the das*tlc ; 

Make the wall higher. 

Advantage(s) Disadvantage(s) 

Thi$. wpMld. dc.-fiwtcly. kcc.p • •••••••• *•*»• Ui .thcy ： c!5.in.Q .ayailablc... 

. 七 oui.o-f. das*tjc ；：-.. : tp. build, a. hljhcv. ^}\\ . 

Put a health and safety rep on the top of the wall to recite the 
working height directive repeatedly to anyone who gets higher 
than 2 m. Also to ask when their ladders were last inspected 
and if they have been trained in the proper use of ladders. And 
to Insist that they all wear safety harnesses, hard hats, ear 
defenders, goggles, gloves and toe protectors. 

Advantage(s) Disadvantage(s) 

The aiiadkers 分七 . 於 i. bov：cd B.y. ca\r. dc-fcndcvrs,.iky.. 

d^dl a*t*t3dk a ^as*tlc : On i^o\rc him By\A do^tnniuc 

atta 匕 k’mj das*tlc anyway- 


I 七 ’s a lot casicv *to 
di^ a v/idcv- moa*t 
it is *to build 

a wall. 
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triangles, trig, and trajectories 


How wide should you make the moat? 


The best way of defending the castle against the 
25.0 m ladder is to make the moat wider. The 
moat is already 15.0 m wide — so how much 
wider do you need to make it? 

You could try making the moat the same size as 
the ladder — 25.0 m — so that the distance from 
the edge of the moat to the bottom of the wall is 
the same length as the ladder. That would make 
sure that attackers couldn’t simultaneously put 
one end of the ladder at the edge of the moat 
and the other end on the top of the wall. 


iVide 灼 mg 七 he 

moat rnoves 七 he 
lootfcorw o*f -the 

Idddem -Pu\rthc\r 
away -P\rom -the 
■top o-P -the wall. 



the dis*ta^c -fv-om 
the cdjc o-f the moat bo 
■the -top wall *to be 

"than 2-^-0 m. 


m 



15.0 m 


Old moat width 


^l^rpen your pencil 


But time is of the essence, and you don’t want to start out 
digging a 25.0 m moat if a narrower moat will do the same 
job. The important thing is the distance from the edge 
of the moat to the top of the wall. If that’s more than 
25.0 m, there won’t be anything to lean the ladder on. And 
you might be able to achieve that with a narrower moat... a 
sketch should help. 


a. Draw a sketch of the 15.0 m castle 
wall, 25.0 m ladder, and extended 
moat, where the ladder is only just 
too short to reach the top of the 
wall from the side of the moat. 


(This sketch is just a quick drawing 
to get the visual parts of your brain 
working — the lengths on it don't 
have to be accurate as long as 
everything’s labelled correctly.) 


b. What shape does your sketch resemble? 
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remember triangles? 


%ihdrpea your pencil 

Solution 


a. Draw a sketch of the 15.0 m castle 
wall, 25.0 m ladder, and extended 
moat, where the ladder is only just 
too short to reach the top of the wall 
from the side of the moat. 

(This sketch is just a quick drawing 
to get the visual parts of your brain 
working — the lengths on it don’t have 
to be accurate as long as everything’s 
labelled correctly.) 


Tip Udde\r docsh^-fc 
，’心 \rcadh -top o-p wall^ 


Ladder 




o( ladder is 

a*t moat* 

b. What shape does your sketch resemble? 

I 七 looks like a 



M'mimum width of moat 二〒 

This distahde is less iha^ 

Z^.O rn. So this way is ^uidkev- 
ahd rwovc C-Pf idiCht thah 
rwakihg the rwoat Z^.O m wide. 


Looks like a triawgle, yeah? 

You can turn your complicated-looking castle, ladder, 
and moat sketch into a more simple picture of a 
right-angled triangle, with a 90° angle (a right 
angle) between the wall and the moat. You already 
know the lengths of two of the triangle’s sides and 
want to find out how long the third side is. 

You could figure this out by ordering a 25.0 m 
ladder, putting one end at the top of the wall, and 
seeing where the ladder touches the ground. But the 
attackers might arrive with their new ladder first! 

If you don’t want to wait, you can measure 25.0 m 
of rope, tie one end to the top of the wall, and see 
where it touches the ground when you pull it tight. 

But that still involves a lot of steps and equipment. 
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triangles, trig, and trajectories 



Wouldn t it be dreamy if you > - 

could just work out the smallest moat 
width from the triangle drawing, without having 
to climb the wall and make a lot of measurements? 
But I know it's just a fantasy... 
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scale drawings 


A scale drawing caw solve problems ~ 、 


At the moment, your drawing is only a sketch — the 
triangle’s side lengths aren’t to scale (though the 
lengths you’ve written beside them are correct). 

A scale drawing is one where you say something like 
“1 cm on the drawing = 1 m in real life.” You can then 


TKis is ov\t v/ay 

i\\t bcs*t moai v/’idtii -f'rom 

a 七 dvav/m^- Bu 七 

Y\oi *tKc best' 


s 


do the same as you would with the 15.0 m castle wall 
and 25.0 m ladder, except with 15 cm and 25 cm! 



A scale drawing takes 
time, and I’m sure someone 
must have solved a problem 
like this before. Is there an 
equation that’ll help? 


You can solve some problems 
witk scale ctrawingfs, tut it 
takes time and eiiort. 


Start off by making a right-angle to represent where the wall 
meets the moat. Then measure up 15 cm to represent the wall. 

Now, you want to swing the ladder down and see where it hits 
the ground. So set a pair of compasses to 25 cm... 




Mcasuv-c uf 

1 ^ Ctr\ (or 

■the y/all- 


... and swing down from the top of the wall to meet the ground 
line. Now you can measure the most economical moat width. 


That’s a lot of effort just to work out a simple length though ... 



Sy/CCf Compasses 
d\rouy\d you £yoss 
七 he iio\rizx)ir\*tal Ime. 


Mcasuvc *tK*is side 扣 d 
sdalc *rt up *to *tKc 
bcs*t moa*t >wid*tK. 
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triangles, trig, and trajectories 


Pythagoras' Theorem lets you figure out the sides quickly 


Pythagoras’ theorem is an equation for solving this 
kind of problem without waving ladders around or 
making a super-accurate drawing. You only need to 
know the lengths of two sides, and the equation will tell 
you the third. 

The longest side of the triangle is opposite the biggest 
angle (the right angle). This side has a special name and 
gets called the hypotenuse. 


If you square the length of the hypotenuse, the answer is 
equal to the answer you get if you square the length of the 
other two sides individually, then add the squares together. 

That’s very wordy. So here’s the equation - if you label the 
sides of your triangle a : b and c (where c is the hypotenuse) 
then Pythagoras’ Theorem says: 


C 2 - d 2 + b 2 



I 七 docs^i v-cally matt 饮 v/h*idK 
lc*t*tcv-s you use (or 七 he sides. 
l/Vc’vc cMostv\ same lc*t*tcv-s 

-tKc AP pKysids e'ua 七 10 灼 -table- 


Pythagoras’ Theorem only works for right-angled 
triangles. You can’t use it if your triangle doesn’t have a 
right angle. 





TKc \\^oitYWASC IS / 
offos*rtc 
一 {Me. lav-^cst 



Py*thagov*as oY\\y v/ovks -fov 


II you already 
know two sides oi 
tke rig[ltt_aiig[lect 
triangle，Pytkagoras 
gets you tke tkirct. 


If the triangle is right-angled ： 

The Square of the hypotenuse 

i 豸 equal to the ^um 
of the other two 豸 ide 豸 ^cpiared: 

c 2 = a 2 + b 2 
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look for right angles 



Dumb Quest! 


9ns 


You’ve called Pythagoras a theorem and an equation 
so far. And I’ve seen things like that called a formula too. So 
which is it? 

Equation, formula, and theorem mean the same thing really. 
They all describe relationships where you write down “something = 
another thing." 

How do I try to remember Pythagoras? I mean, how do 
I remember which sides are a, b and c, then what order to put 
them in the equation? 

If you can remember the form of the equation, you don’t 
need to remember the letters. The hypotenuse is the longest side, 
whatever letter you use to name it. So hypotenuse goes on the left 
of the equation. 


What if I know the hypotenuse and want to calculate the 
length of one of the other sides? 

You can rearrange the equation so that the side you don’t 
know is on its own on the left. 

So where does Pythagoras’ Theorem come from? Aren’t 
we going to go through proving it? 

It's only really worth going into understanding where an 
equation comes from if the understanding you gain helps you see 
how the world works, so you can solve physics problems (and other 
problems) better. 

Being able to prove Pythagoras’ Theorem doesn’t help with this, so 
we’ve not gone into that here. 


And on the right of the equation, you square each of the other sides, 
then add them together. You can think about the S in SUCK - size 
matters. So it's the square of the longest side that goes on its own. 



Well probably see a lot of 
right-angled triangles in physics 
because the ground’s horizontal and 
gravity acts vertically? 


You’ll spot many right angles between the 
horizontal and vertical 

Right-angled triangles are going to be one of your most 
important physics tools. There are lots of right angles in 
physics, often between the horizontal ground and vertical 
walls or vertical acceleration vectors that exist as a result 
of gravity. 

Keep your eyes open for them as this chapter progresses .. 
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triangles, trig, and trajectories 


Sketch + shape 4 - equation 55 Problem solved! 

Back to the castle and the new Sieges-R-Us ladder! 

You started with a sketch and spotted a right-angled triangle shape in it. After toying 
with the idea of a scale drawing, Pythagoras popped up with an equation! 

So now you can work out the best moat width — and save the castle! 




Start with a sketch 


Look for familiar shapes — Use an equation that tells you 
(triangles, rectangles, etc) about this kind of shape 



pen your pencil 




A castle is built on flat ground with 15.00 m walls. How wide must the moat be to 
ensure that a 25.00 m ladder only just touches the top of the wall? Assume that the 
base of the ladder is placed at the edge of the moat. 
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Pythagorean theorem 



A castle is built on flat ground with 15.00 m walls. How 
wide must the moat be to ensure that a 25.00 m ladder 
only just touches the top of the wall? Assume that the 
base of the ladder is placed at the edge of the moat. 


S*ta\rt 3 ske*t^iv 


Laddcv- 



TV»s is y/V^a*b you say 
*»-f you use Pyt^ajovas 



*to k^ov/ 3, moat 

By Pyihajov-as, 二 a z + b z 


Rca\r\rar>jc 
七 icm 

-rov- the side 
you 



a 


z 


t 


z 


b z 


a 


z 二 Z^ z - |^ z 


a 


z 


午 00 


a 




10.0 


So *thc best mosi, is ZO O m (3 sd). 



l/alues m you\r ^ues-tior) 
wcv-c jivcr> -to 3 sdj so 
youir a^sv/cv should 
have ^ sd "too. 



Dumb Questions 

There were square roots in that solution, 
but it’s been awhile since I used these, and 
they’re a bit hazy. Remind me how they work 
again? 

As we saw in chapter 3, the square of a 
number is the number times itself. 

or 3 2 = 3x3 = 9. 

If you take the square root (V) of a number, the 
answer you get is the number you’d have to 
square to get the one you started off with. For 
example, V9 = 3 because 3 2 = 9. 

I noticed that I got nice round numbers - 
15.0, 20.0 and 25.0 - for the side lengths. Does 
that always happen with right-angled 
triangles? 

Here, the wall, ladder and moat formed a 
right-angled triangle which has nice side lengths 
in a 3:4:5 ratio. 3 2 + 4 2 = 5 2 , and a 15:20:25 ratio 
is just a 3:4:5 ratio multiplied by 5. 


But usually that doesn’t happen - your calculator 
will give you answers that you’ll have to round 
to the same number of significant digits as the 
values you were initially given to work with. 
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triangles, trig, and trajectories 


You kept them out! 


Under your instructions, the castle workmen start digging 
your 20.0 m wide moat immediately. 

A couple of hours after they’ve finished, some attackers 
come along with the new 25.0 m ladder ... and have an 
unexpected bath! 


Put the attackers get smarter! 


Well camp at the edge 
of the moat until you re 
desperate for food and 
have to surrender! 






Phoning for a pizza just isn’t an option. 
How could you try to scare them away 
so you can get more supplies in? 




BULLET POINTS 


■ The routine 

SKETCH 
SHAPE 
EQUATION 
is an excellent one! 


■ You’ll often see right-angled 
triangles, as the ground is 
horizontal and walls, gravity and 
such operate vertically. 


■ The hypotenuse is the side 
opposite the right angle. 


Pythagoras’ Theorem is an 
equation you can use to get the 
third side of a right-angled triangle 
if you already know the other two. 

Pythagoras’ Theorem only works 
on right-angled triangles! 


If you spot a triangle with side 
lengths in a 3:4:5 ratio, then you 
know it must be right-angled 
(because Pythagoras' Theorem 
only works on right-angled 
triangles). 

If you forget which way around 
Pythagoras is, then think about 
the lengths of the sides and what 
makes sense. Or sketch out a 
3:4:5 triangle and work out what 
Pythagoras must be from that. 
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cannons? 


Camdot... m have ANOTHER problem! 


You dealt with the new ladders — and gave the 
attackers an early bath by widening the moat. 

But now they’re camped at the edge of the moat, 
waiting for you to run out of food and surrender. It 
would be someone else’s problem ... if you weren’t 
stuck in the castle too! 

On the bright side — you have a cannon! 

On the not-so-bright side, you need to aim before 
you fire. And you can’t look over the top of the wall 
to aim the cannon, as they’ll probably shoot at you 
before you can aim at them... 


You a 
o-(* 七 >wall … 




Spav-kly ZO.O 


A 产 

edge o( 



_Ca^hOh 匕 ah 

tiit 









... bu*t rt’s y\o*t sa-fc *to look dovm 
-tKc tav\Y\o}f\s *to aim bcdausc 
you dould fitkcd o((. 








Is it possible to aim the 
cannon at the attackers 
by the moat even though 
you don’t have a direct 
line of sight? 
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triangles, trig, and trajectories 



Frank: That’s easy! In a castle, surrounded by an army camped 
at the edge of our moat... until we run out of food and surrender. 

Jim: Uhhhh. I kinda meant where we’re at with aiming the 
cannon, when we can’t see to point it at the correct angle. 

Joe: Well, we know the distance they are from the cannon - 
25.0 m! We already worked that out when we did the ladder thing. 

Frank: Oh yeah ... well looks like it only delayed the inevitable. 

Joe: Think positive - we can do this! We know the height of the 
wall and the width of the moat. We worked those out with a 
sketch and Pythagoras’ Theorem. 

Jim: Yeah, we know all there is to know about the sides of the 
triangle. But we need an angle to aim the cannon. If only there 
was some kind of 'Pythagoras for angles’ equation we could use. 

Joe: But there is! The angles in a triangle add up to 180°! 

Jim: And we already know that the right angle is 90°, so the other 
two angles must add up to 180° - 90° = 90°. That’s progress! 



As all thircc 
add up -fco IGO°, 
these tv/o a^les 
add up -to °{Q 0 . 



b 


TKc vi # 七 

is ° 10 °. 


a 


Frank: Not a lot of progress though. The other two angles could 
be 1。 and 89。， or 45。 and 45。， or 18.2。and 71.8°. 

Jim: Oh yeah. You can’t find out two things you don’t know if 
you only have one equation to work with. 

Joe: Well, since we only have one equation at the moment, 
maybe we can do an experiment with some different 
right-angled triangles and see if we can figure something out? 

Frank: OK, that kinda thing’s worked for us before ... 


Tke tkree angles 
in a triangle add 
up to 180 °. 
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complementary and supplementary angles 



0 


Whoa, hang on! 
The angle you want 
isn’t even part of a 
triangle—see?! 



The angle you want might be the SAME 
SIZE as one of the angles in your triangle. 


When there are right-angled triangles around, you’ll often 

find complementary and/or supplementary angles. 



Complementary angles add up to 90°, and supplementary 
angles add up to 180°. They’re useful because they help 
you work out the sizes of angles that aren’t in your triangle. 


Y 0[a heed -to 

ircmcmbcv- is 

v/hi^h io be able io 
actually USE 


Try to spot 
angles tkat 
actct up to 9®° 
or 180° in and 
around your 
rig[ltt_ang[lect 
triangles. 



Complementary angles 
add up to 90°. 



These two dholes 
Bdd up "fco lGO° 



Right a^le 


Supplementary angles add up to 180 


rwcctmj a*t 
a stvaiglvt Ime 
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Relate your angle to m 
angle inside the triawglc 

We’re going to give the firing angle the symbol 
6. This is the Greek letter theta and is often 
used in physics to represent an angle that 
you’re interested in. 

You want to calculate the firing angle - but 
it isn’t part of your triangle. However, when 
there are right-angled triangles around, there 
are often angles that add up to 90° or 180° 
that you can use to work out the angle you’re 
interested in. Here, the firing angle and the 
angle at the top of your triangle add up to 90°. 





15.0 m 



丁 he "thv-cc dholes ih a 

add uf h> IGO°. 

The v-igh-t is already 
^0°, so the othev- -two 
a—es mus-t add up -to ^0°. 


20.0 m 


Hey - didiVt we say before that 
these two angles also add up to 90°? 




20.0 m 


The firing angle is the same 
size as an angle in your triangle 

Now you have two sets of angles that add 
up to 90°. The first set is the firing angle, 

0, and the angle at the top of the triangle. 
The second set is the angles at the bottom 
15 0m and top of the triangle. 

This means that 6 and the angle at the 
bottom of the triangle must both be the 
same size. So you can label the angle at the 
bottom of the triangle 6 as well, and get on 
with trying to work out what size it should 
be to fire the cannonball... 



TKis a—e is 七 lie same sh as 

so you label •• 七 0. 





一 

^ m 
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similar triangles 



Frank: Yeah, but what now?! We need to work out an angle - but 
we only know the side lengths of the triangle. 

Joe: Well, if there isn’t some kind of Pythagoras for angles, maybe 
we could go back to the idea of doing an accurate scale drawing, 
then measuring the angle with a protractor. 

Jim: I guess that might work. The angles always have to add up to 
180° however big the triangle is, so I guess that the angles wouldn’t 
change even if all three sides got scaled up or down as we zoom in 
or out making scale drawings. 

Frank: Yeah that’s right. It’s still the same triangle! 

Jim: It says here that triangles with equal angles (but different 



side lengths) are called similar triangles. 


Joe: So the scale drawing would be of a similar triangle. And the 
angles would be the same as the original, big triangle. Cool! 

Frank: But what if the attackers move? We’d have to do another 
scale drawing, and that’s gonna take time. 

Jim: We can do that in advance. We can draw all the right-angled 
triangles that you could ever get and measure their angles. 


Joe: Yeah, we can make the information into a table so that you 
can look up the angles of any right-angled triangle without having 
to measure them. And we could get a computer or a calculator to 
look up the angles when we tell it the sides — that bit would be 
really quick. 


Frank: But if we were drawing all possible right-angled triangles, 
some of them would be really huge, like, miles long! 


Jim: Not necessarily. We just worked out that the angles of 
similar triangles are always the same. So if we have a 
triangle in the table with side lengths 3 cm, 4 cm, and 5 cm, we 
don’t also need one with 3 miles, 4 miles, 5 miles or 1500 miles, 
2000 miles, 2500 miles, etc, as they’re all just the same triangle, 

similar triangles. except zoomed in or out a bit 

Joe: Cool! Let’s get cracking! 


Triangles witli ecjual 
angles are callect 
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Not so fast! How are you 
going to arrange the table so that you 
can actually find the triangle you re 
trying to look up? 


O 


You can classify triangles by their shape - but 
need a way of looking them up later on. 

Using similar triangles in your table is the best bet, so each 
type of triangle only needs to appear in the table once. For 
example, instead of the table including lots of different triangles 
with side lengths in a ratio of 3:4:5, it only needs to include one. 

But the problem now is how to arrange or index the table. How 
are you actually going to find the triangle when you go to look 
it up? 



The problem is "the someone "to look 

up dould be ar>y o\r zoomed m ov- ou 七 -fv-orw -the 

of i-ts \y\ "the So hov/ ov\ cairtli 

you cvc\r *f*md the v-ow with the Hjlit SHAPE \r\ it? 



Triangle shape 

Angle 0 (°) 

Other 
angle (°) 


z 

24.6 

65.4 



40.6 

49.4 


18.5 

71.5 


You some v/ay *to 

SttAPt a ttat 

doesn-t mvolvc .Is a^lcs (M 
avc y/Ka*t 70U vja^i *to look ^ 


y _ |-f you look up i\\t siiapc 

^^ youv -tvia^lc, *tablc 

y/ill ^ivc you i*b a^lcs. 



The angles *m -this table have ? sig^i-fida^i 
digits because tha-t's easiest© v/viic 
- bui "the angles m 七 he domplcicd table 
Could have rwolrc dig’rts. 



How might you classify the 
shapes of the triangles in 
your table? 
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ratios and simi/ar triangles 


Classify similar triangles by the ratios of their side lengths 


If you take a triangle and magnify or reduce it (zoom in or out), 
you make a similar triangle which has the same angles as the 
triangle you started off with. For example, a scale drawing of a 
bigger triangle is a similar triangle. 

Similar triangles don’t have the same side lengths, but they do 
have the same ratios of side lengths. To work those out, you 
have to decide on a way of naming the sides so that everyone 
knows what you’re talking about: 

The hypotenuse it labelled ‘hypotenuse.’ 

The side opposite ‘your’ angle is labelled ‘opposite.’ 

And you label the third side 'adjacent. ? 


•mWested m 


ttypotchusc 





The ratio of two side lengths is simply 

one side length divided by the 
other side length. There are three 
sides and three ratios, which all have 


1( you wcv-c say'rn^ 

厂 out loud, it 
would be 'sihe theta. 


Label the sides the same way every time. 


s/ 

sin(O) 




names: 


opposite 

hypotenuse 


Sine (pronounced “sign ”） 
Cosine (pronounced co-sign) 

Tangent 

When you’re writing these as part of 
an equation, sine is abbreviated to 
sin, cosine becomes cos and tangent 
becomes tan. 

Similar triangles 
kave tke same 

RATIOS ol side 

lengtks. Sine ， 
cosine, and tangent 

are RATIOS. 


RATIO two side 

is oY\t side 

divided by av\oi\\t>r Side 


adjacent 


hypotenuse 


cos(O)= 

K 

Doh’i wo\nry about 
\rcrwcrwbc\rihg y/hidh ha^e is 

whidh v*a 七 io 3 七七 he 

tan(O)= 


opposite 



adjacent 


TV you avc mWcstcd 
i\\t ⑸七 







has -the same as the -to 

d duv-vc — y/hidh dd 的 be do^-Pusmg a-t <Piv*s*t. But 
it’s always abbv-evia-ted -to c<\ua-tio^s. 


弋丄 
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Siwe, cosine and tangent connect the sides 
and angles of a right-angled triangle 


25.0 m 


The ratios sine, cosine and tangent are a way of classifying the 
similar triangles in your table. Suppose you have two similar 
triangles, one with side lengths 3 cm, 4 cm and 5 cm, and the 
other with side lengths 15.0 m, 20.0 m and 25.0 m. As they’re 
similar triangles, you know that their angles must be equal. 

And although their sides aren’t equal, the ratios of their sides 
are. In the first triangle, the ratio of the two shortest sides is 
tan(0) — ~ [ — 0.75; in the second triangle, tan(0) = 20 = 0.75. 



15.0 m 



Tiicsc s*iw>'ilav- 
■tv-ia^lcs 
i\\t same siz^s 
o-f a^jlcs. 


20.0 m 



TV^c v-atios o-f 
i\\t sides o-f 

arc saw>c- 


3 cm 


4 cm 


Label the sides of these right-angled triangles with ‘h’ （ hypotenuse), ‘ 0 ’ （ opposite), and ‘a’ 
(adjacent), then fill the blanks in the table below. If a side length is missing, then use Pythagoras 
t0 work it out in the space under the table. The angle 0 is the one you’re interested in. 




Triangle 

sin(0) 

cos(0) 

tan(0) 

a 

^0 厂 

40 m 

24 m 

r 二午 ^ 二 0 515 



b 

20 cm 

9 cm 




c 

2.60 cm 
-J 




d 

48 m 

\56 m 

1 @V 





Spate (or wolrkih0 0 U"t the missing 
side Ichgths usihg Pythagov-as. 


Use sme, 

or\ -the opposite "to -fill 'm these bo^cs. 





/\i *tv>c mom ⑶七，七 his *tablc jus 七 has ratios *m it 
The ^mdl *t3blc >will have *tV>c 七 
v-a*tio dovvcspoiads b>) so you dar> look up air> 
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solutions 



Label the sides of these right-angled triangles with ‘h’ （ hypotenuse )， ‘ 0 ’ (opposite), and ‘a’ 
(adjacent), then fill the blanks in the table below. If a side length is missing, then use Pythagoras 
to work it out in the space under the table. The angle 0 is the one you’re interested in. 



Triangle 

sin( 0 ) 

cos( 0 ) 

tan( 0 ) 

a 

1 

^0 r 

40m 3 

24m 

O 


含二芯二 _ 

j =1 二 0 鳩 

b 

V 

3 20cm 

9cm 

O 

f ■二 i 二 _ 


土二 | 二 0 .午弓 
d 2.0 

C C 

0 

§ 

5 

B 2.60cm 

lT 


土 二 0 ^ 

h zm 1 

么二 tt? - 030G 
a Z 上 0 

d 

48m 

O 

V 


i 二赠 
h u ,T 

o 衫一 1 r? 


a 


The v-atios dojr /七 have U^'rts ； ds 


is d\^ty\s\OY\\css ^ 


By Pyiiiajov-as, h z - o 2 ■ + a z 

Tv-ia^lc b ： V 二 ZO z + Tv-ia^lc d' a z - - o z 

今 h 二 fiei - Vi°[ dm G sd) f 二 一午炉 


Tv-ia^jlc t' o 






o 


h z -a z 

im 1 - u>o x 



今 0 二 - o.eo ^ cz sa) 



z^> a — J 的 Z — m (Z sd) 

The Uhits a\rc irwpovtahi, ) \ 
as some -tviahjlcs ave ih ^ 〆 
rw dhd some 3VC m dm. 


you've labelled youv tvia^lc o 
V (W/fo 七伙 use, opposite a^d adja^t) 
its -f'mc *bo use tiicsc letbevs mstcad o\ a, 
b a^d t m ?^i\\^oras TWem. 


Tke side lengtk ratios - sine ， 
cosine and tangent _ are always 
tke same lor similar triangles* 
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triangles, trig, and trajectories 


How to remember which ratio is which?? 


son 


The mnemonic c SOH GAH TOA’ helps you to 
remember which ratio involves which sides. 



SOH - Sine is Opposite divided by Hypotenuse. 
CAH - Cosine is Adjacent divided by Hypotenuse. 
TOA - Tangent is Opposite divided by Adjacent. 


sin(0) = ° PpOSite 

hypotenuse 


^CAII 


Like 

say 

Bos*boy\. 



003(0) = adjaCent 

hypotenuse 


TOA 



tan(6) = opposite 

adjacent 


Y J 阿 k 

you VCw'CW'loCV ■- 

” SOH CAH TOA” 
” SOH CAH TOA” 
” SOH CAH TOA” 
” SOH CAH TOA” 


” SOH CAH TOA” 



l*P you -Pov-yt whidh sides 
Jo with whidh vatio, v/vi-tc 
doym this and 

Jo ov\ *f\ronr» 七 heire. 
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sine exposed 



Interviewer： But I don’t really see how that helps. 

sine： Well, if you already know the angle and the side 
opposite it, you can rearrange that equation to get the 
hypotenuse. And if you already know the angle and the 
hypotenuse, you can get the opposite side. 

Interviewer： But what if I know the length of the 
adjacent side, plus one other side? Should I get Pythagoras 
to work out the missing side before calling on you to help? 

sine： Not necessarily~you could call on my close 
relatives cosine or tangent. 

Interviewer： And what do they do? 

sine： Well, cosine is the ratio of the side adjacent to 
the angle divided by the hypotenuse. And tangent is the 
opposite divided by the adjacent. 

Interviewer： Oh, so you guys cover all possible 
combinations of two sides of the triangle between you. So 
if I already know an angle and a side, I can get the length 
of any other side in one step. Cool. But what if I don’t 
know any angles at all? Gan I use you to work out the 
angles in a triangle too? 

Sine： Going the other way - from side lengths to angles? 

Interviewer： That 5 s right - some guys in a castle were 
trying to do that just before we went on air. 

sine： You’ll want my inverse to go the other way. He 
looks up the table of angles and ratios in the opposite 
direction. So you give my inverse a ratio, and he gives you 
the angle that the ratio corresponds to. 

Interviewer： That sure sounds useful. Thank you, sine, 
you’ve been just swell. 


Interviewer： So, sine, would you say that your bad 
reputation is justified? 

sine： Sigh. The problem is that I’m sometimes get called 
‘sin.’ But I’m still pronounced sine - with an c e’ - like 
‘pine •’ I’m not bad — I’m a trigonometric function! 

Interviewer： Err ... a trigono-what-now?! 

sine： Trigonometric - that means I help you with 
triangles. And I’m a function, so you give me a number, 
and I give you a different number back. 

Interviewer： Hmmm. No, sorry, you’ve lost me. Why 
would I ever want to swap numbers with you? 

Sine： Well, the number you give me is an angle, from a 
right-angled triangle. I give you back the ratio of the side 
opposite the angle divided by the hypotenuse. 

Interviewer： Riiiiight. I’m not sure why I’d ever care 
about that, but there you go. 

sine： I’m the missing link! I’m what connects what you 
can know about the lengths of a triangle’s sides to 

what you can know about the sizes of its angles. 

Interviewer: Hmm. So what? 

sine： Right angled triangles and angles are very 
important in physics. In fact, I’m one of the most 
important things in your entire physics toolbox! 

Interviewer： So, without you, people wouldn’t be able 
to do most of the stuff in the rest of this book. 

sine: Exactly! 

Interviewer： You sound extremely important then. Gan 
you just run past us again how you work? 

sine： You give me an angle—probably one you found in 
a right-angled triangle. And I give you a number back, 
which is the ratio of the side opposite the angle divided by 
the hypotenuse. Like this: 



SllftC BXfOHd' 

This week’s interview: 
sine is mighty fine! 


0=§osit< 
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triangles, trig, and trajectories 


OK. Now, I was wondering something else 
about ‘tan’ ■ or tangent, to give it its full name. I did 
tangents before, right? But that was something to do 
with working out the gradient of a curve, wasn’t it? 

Good point. Very good point! A tangent is a straight 
line that only touches a curve at one point - and you did 
use one to work out the slope of a line in chapter 7: 



- - Ahorizontal 

Your formula for tan(0) is basically a rewrite of the “slope 
of a line” equation, which is where the name 'tangent' 
comes from. 



Suppose I work out a ratio (sine, cosine or 
tangent) from two of the sides of my triangle. How 
do I use that to get an angle? 

You need to calculate the firing angle for the 
cannon using the ratio of two sides of the moat-wall 
triangle. We’re just getting on to that... 




Why choose to have three different ratios? 


Why not one, or two ... or five or six? 

Suppose you only know two sides of your 
right-angled triangle, and want to find out one of the 
angles. If there were only one or two ratios in your 
calculator’s table, you’d often have to work out the third 
side using Pythagoras before you could work out a ratio 
to get the angle. Having three ratios in the table covers 
all the different combinations of two sides. 

And why not five or six? You could have 
hypotenuse divided by adjacent, for example. 

There are special names for these other ratios, but 
they’re not important right now. You’ll never need to use 
them on your physics course. 


Tke trigonometric 
functions sine, cosine 
and tangent connect 
wkat you know 
about tke sides oi a 
rig[lit-ang[lect triangle 
to wkat you know 
about its angles. 

|-P you put d value ih"to d thch 

it gives you a voilue ba^k. Fov- 

cample, you give ah oi^glc io -the si^c 
4-uh^-tioh, it gives you b 沉 k the v-atio 
"the opposite hypo-tchusc. 


there ^ are no o 

Dumb Questions 
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use your calculator 


Calculators have sm(0l cos(G) and tan(0) tables built in 


Your calculator already contains a table a bit like the one you’ve been 
filling in, where the angles of similar triangles are indexed using the 
ratios sine, cosine and tangent. 

To get a ratio when you have an angle, use the sin(0), cos (6) and 

tan (6) functions. They’re usually printed on a calculator button. 

To get an angle when you have a ratio, you need to use the 
inverse sine, cosine and tangent functions. They’re usually written 
above the ‘sin’ ‘cos’ and 'tan 5 buttons. You use the inverse functions by 
pressing the ‘shift’ or ‘2nd fn’ button first. 

The inverse functions are usually called sin" 1 , cos" 1 and tan" 1 . This is 

weird, as at first glance the ‘ _1 ’ bit looks like scientific notation. But it’s 
not - it’s just a convention for indicating an inverse function that you’ll 
unfortunately need to get used to. 

Sometimes the inverse functions are called arcsine, arccosine and 
arctangent. These are abbreviated to asin, acos and atan on calculators. 
Make sure you know what they’re called on your calculator! 



|hVC\rsc 


lOhS 


w\ri-ttch above but-tohs. 





o 


o 


一 ||"55- 


What about that 'deg rad gracT buttony 
slider thingy. I think that might be important, 
but I dotVt really know what it does. 


Make sure your calculator’s set to degrees! 

If you and your calculator are speaking different languages, 
there’s no way you’re going to get the right answer. There’s 
more than one way of measuring angles. Right now, make 
sure your calculator’s set to work in degrees. 

Usually, there’ll be a switch or a button with a ‘deg’ or 0 sign 
on it that you can use to sort this out. 

It’s also good to spend time playing with your calculator to 
see which order you need to press the buttons in. On some 
calculators, you type the number in, then press the button for 
the function you want. Other, more expensive, calculators let 
you type things in the same order you’d write them. 

Play with your calculator, and make sure you know how it 
works before you go on to find the firing angle. 
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Know kow 
your calculator 
works anct 
inwkiclt order 
you skould 
iress tke 
muttons! 

-the daldula-tov* will 
do what you i*t *to. 













triangles, trig, and trajectories 



Here’s the table you already started filling in on pages 351-352. It's similar to the kind of table in 
your calculator, and it’s time to practice moving smoothly between sides and angles before you 
do the critical mission of calculating the angle back at the castle. 

The side lengths you were originally given are written in type. Your job is to skip the Pythagoras 
step and use the appropriate ratio — sin(0), cos (0) or tan (8) — to get from the two given sides 
to find the angle 0. Show which ratio you’d use by circling it. 

Once you’ve worked out 0, try to spot a quick way of calculating /3 for each triangle as well. 


Wic’ve used 3^0*t^CV" IcttcV") /3 
(beta), *to v-c\>v-cscirrt tVic a^lc- 

0/ 



Triangle / 

sin(d) 

cos(d) 

tan(d) 

Angle 0 (°) 

Angle )8 (°) 

a 

r 

40 m 

24 m 

0 .邮 

0.9^9 

Oi 

ZI.O 


b 

20 cm 

9 cm 

OAW 

0°{\l 

0.^ 



c 

2.60 cm 

az 竹 

0 .料 

0300 



d 

48 m 

^6m 

o.e^i 

0 闩午 






Tv-ia^glc 3 — dould use 3r\y *two o( sides. 

Use opp BY\d adj- 

0 - W(oi) - ZI.O° (Z sd) 


|-f youVc y\o{, suv-c v/ha*b *to do with youv ^akula-tov, flay 
with -the oY\t already see bu*t*to^s 

you Y\ttd *to p\rcss *to yt the same a^sv/cv-. 
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use your ratios 



ExeRciSe 

SoLytlOH 


Here’s the table you already started filling in on pages 351-352. 

The side lengths you were originally given are written in type. Your job is to skip the Pythagoras 
step and use the ratio (sin, cos or tan) you can get from the two given sides to find the angle a. 
Show which ratio you’d use by circling it. 


Once you've worked out 0,try to spot a quick way of getting jS for each triangle as well. 



Tv-ia^jlc a ： dould use -two -thv-cc ⑼ sides. 

Use opp BY\d adj- 

0 - 二引 .0° (Z sd) 

b ： 0 — (O.^) — (i sd) 



T\ria^lc t' 
Tna^jlc d' 


0 - 60S - 1 (O . 啊）二 m° (Z sd) 

0 — s’m 一 , (0.^1) — ^%0° (Z sdX 


tWeiare nQ o 

Dumb Questi9ns 


fete 紙 


I was playing with my 
calculator and typed in sin 1 (random 
number), and it gave me an error 
instead of an angle. Why was that? 


It’s great that you took the time to play with your calculator. Since the hypotenuse is the 
longest side, the length of any other side divided by the length of the hypotenuse must always 
be less than 1. So if you type in sin 1 of a random number bigger than 1, it’s not in the table, and 
the calculator gives you an error. 
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triangles, trig, and trajectories 


Pack at the castle, cveryowc's depending oh you! 


Back at the castle, things are starting to get 
slightly desperate. The supply of food has just 
run out, and morale is low. 

We’re running out of time, and we’ll need to 
work out how to aim the cannon and make the 
attackers retreat. 


Tke trigonometric 
functions sine，cosine and 
tangent let you work out 
angles from side lengftks, 
and vice-versa* 


Angle between 
horizontal and 
attackers, Q. 


Wsmg the 
you CdiY\ dim the 
without having -to look 
ovc\r ihc -top. 



TVis ’is \\o^i »*b 州吵七 be 

corded m a piiysids 


M/ 

A cannon sits on top of a 15.0 m castle wall. Outside the castle, at the edge of its 20.0 m moat, 
are some attackers. What angle should the cannon make with the horizontal if it is to be pointed 
directly at the attackers? 
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right-angled triangles 



A cannon sits on top of a 15.0 m castle wall. Outside the castle, at the edge of its 20.0 m moat, 
are some attackers. What angle should the cannon make with the horizontal if it is to be pointed 
directly at the attackers? 



You caw know everything! * 

When you have a right-angled triangle 

and know the length of one side, plus one 
other fact (either another side length or an 
angle), you now have superpowers that enable 
you to work out all the other sides and angles. 

You’re going to see a lot of right-angled 
triangles through the rest of the book since the 
ground is horizontal and gravity accelerates 
things vertically at right-angles to the ground. 

* Well, everything about a right-angled 
triangle at least! 


llyou know ONE SIDE, 
plus ONE OTHER FACT (a 

sicte or an angle), you can 

work out EVERYTHING 

aLout a rig[kt-angflect 
triangle using sine, cosine, 
tangent and Pytkagoras. 
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triangles, trig, and trajectories 


Poes your answer SUCK? 


Remember to check your answer once you’ve got it! Does the angle 
feel like it’s the right kind of size? Did you remember the units? 
How about the calculations? And what about the ‘kontext’ - 
stepping back and thinking about the big picture before moving on. 



Well dov\t '»*(* you alv-cadY 
did *tW»s 

\n\\tv\ v/ov-ked i*t ⑽七 . 



irpen your pencil 


Fill in the sections to see if your answer to the cannon question SUCKs. Remember to think 
about the'k’ontext of what you’re actually being asked to do! 




UNITS 


CALCULATIONS 


"CONTEXT 
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does it SUCK? 


%ihdrpefi your pencil 

Solution 


This is 釙 B)<TRB/\^BLY 
usc-Pul way <^P dhcdkihg 
you\r a^glc is plausible. 






Fill in the sections to see if your answer to the cannon question SUCKs. Remember to think 
about the 'k’ontext of what you’re actually beirng asked to do! 

SIZE fm ^y\ a^jlc less *tha^ as .».V.s opposite. *tlic smaljcst side tiic 

*tv*ia^lc- So .^° is vevy plausible, as -the smallcs-t side is^*t 七 mu 匕 h smallcv- 
o*t^c\r bm, a^d my a^le is^*t rwudh less ^°- 


UNITS pu*t -them *m - its av\ a^le ； measured *m decrees. 


.9^9.V! !9Jt^cy look 0^ : I 印 . 和 .4. jnw.x 

s*mc louttcm 0^( (| did/ 七 p\rcss *thc ^o\rmal s*mc ov\t by mistake)- 


’K'ONTEXT |Vs a Uirmoir\ 3 dd^^o^bdll -from *thc *tof o-f d v/all, so i*t Joes dlo^ 
d s*t\raijii*t Imc •bhaVs *thc hypo*tc^usc c^f d \rijh*t-a^j|lcdl *bri •• or\. 

OW MO - m FORGOT ABOUT GRAVITY!! 


Beiore you laundk in ， tkink ： 

” Am I actually answering tke cruestion I was asked ?” 

f 

li saves time -to do -this 

BBFORB stav-tih^ oh -the r^a-th 
^ihe\r thah a-P-tev-wav-ds. 
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triangles, trig, and trajectories 


Uh oh. Gravity... 

Everyone forgot about gravity! The calculations 
assumed that the cannonball’s going to follow the same 
straight path as the ladder. So although you got an 
answer which was the correct size with correct units 
and flawless calculations, it wasn’t the answer to the 
problem we have to solve! 

Gravity makes objects like baseballs and footballs 
travel along curves as they fly through the air. So the 
cannonball’s going to curve too because gravity will 

accelerate it downwards. 



Huh? Why did we 
spend all that time messing 
about with triangles when it 
was never going to work?! 


Solving the wrong problem 
is a common mistake. 

This happens more often than you’d 
think! Because the triangle thing 
worked for the ladder problem, the 
guys kept plowing ahead, without 
backing up first to make sure what 
they were doing was an appropriate 
way of solving the new problem. 

Any time you get asked something 
new, sit back and work out what 
you’re supposed to do before thinking 
about how you’ll do it. First what, 
then how. Then you’ll be fine. 

So what affects how much the 
cannonball curves? A baseball and 
a bullet appear to curve by different 
amounts. So maybe the firing angle 
will be OK after all if the cannonball 


doesn’t deviate from its part all that 
much. To work out if the angle’s OK, 
it’s time to be the cannonball! 



BE . e 咖 

Your job is to imagine you’re 
lie cannonball. makes 
you change direction as 
you go tliTough the air.? 
加 d A^iat affects how 
much you deviate from a 
straigk line? 




|s 七 iieve a >way o-f 
^olloWm^ a s*bvai^*t Imc 
as closely as possible?! 


ladder - it ’七 
^ co \\ o>n a s*brai # 七 fa 七 iv 
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be the cannonball 



BE th^ omn^rb^l 

solution 

Your job is to imagine 
you’re tire cannonball. 
喊 at makes you change 
direction as you 
through the air? iW 
▲at affects how mucK you 
deviate from a strai^k line? 



Bu 七 is 七 iieve a >way 
Jc r\cav-ly ^o'm^ alo^ 
a s*braiyvb I "me?! 


tar\r\or\b< 
ladder - *rb y/oir\ ’七 
jfollcw a s*brai # 七 pa 七 iv 


fm bemj addclc\ra*tcd dovmv/a\rdU by j\ravi*ty- 

l-f I v/ds jomg slov/ly, fd Id^d vcv-y dlosc *to 

*t^c wall- 

l-f I v/ds t^uidkly, fd Id^d -fu\rtiic\r out 

l-f I was jomg \rcally 'uidkly, I’d almos-t 50 
dlo^ d s*t\raijh*t l*mc- 

hov/ mudh I deviate 




Jim: We might still 
be OK though. I just 
looked up the cannon on 
the Sieges-R-Us website, 
and its muzzle velocity is 
90 m/s! That’s high compared 
with the distance it’s traveling, so 
maybe there won’t be time for it 
to deviate from its original path too 


much. 


Joe: We could use our equations of motion... except 
that we don’t know the cannonball’s total displacement! 
We know that the straight line distance from the cannon to 
the enemy is 25.0 m. But how do we get the length of its 
curved path? 


Jim: Maybe that doesn’t matter though. Back in the 
desert, we didn’t need to know everything about the cage 
to be able to use equations of motion to work things out. 


Joe: So ... what do we know? The cannonball’s 
initial velocity (v^), its initial displacement ( 尤 0 ) and the 
acceleration due to gravity (a). 

Frank: Except - how are we going to put the numbers 
into the equations? Before, the acceleration and velocity 
vectors were always along the same straight line, either in 
the same direction or in opposite directions. So we defined 
one direction as positive and the other as negative. But 
with the cannon, the acceleration vector points down, 
and the velocity vector points at an angle. They’re not 
opposites! How do we deal with that? 

Joe: Ah … I see what you mean. And it’s even worse - the 
direction the cannonball’s going in keeps changing. So 
both the size and the direction of the velocity vector are 
changing all the time! 

Jim: Mm-hm. How on earth are we gonna deal with that? 


Joe: We could always go back to the experiment idea since 
we’re doing something totally new now ... 
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triangles, trig, and trajectories 


The cannonbairs velocity and acceleration 
vectors point in different directions 

There’s a big difference between the cannonball and an object 
launched vertically. The cannonball’s velocity and acceleration 
vectors point in different directions. Not opposite directions 
- they’re at completely different angles. 

This creates a problem with the math. Before, we defined c up’ as 
the positive direction, and c down’ as the negative direction. This 
was because a launched object’s velocity vector points up, and 
its acceleration vector points down. But the cannonball’s velocity 
doesn’t point up or down — it’s at an angle — so you can’t do that. 



lau^Ked 
s*tvai^*t up. 



CdhhOhb^ll 
laughed at 


= 9.8, m/s 2 


Vt\ot\b/ vcd*bov- 
a*t s*tavt 


^ a 灼 d 'a’ lie alo^j -the 
same s*t\rai^t Imc, \y\ 
opposite div-cd*tio^s. So 
you 乙 a 的 say up is positive 
Ao^iy\ is negative. 



a = 9.8 m/s 2 


Bo-fch -the 

S/ZE ahd 
t^IRBCTlOM 

ate 



v 0 ahd W doy\ l i lie aloh^ 

at di-P4\rch-t angles. So 
you jus-t say that 
div-edtioh is positive 
the othcir is hcgativc. 


m/s 2 



/ 

/ Flijhtpath 


a = 9.8 m/s 2 


And even worse - as the cannonball accelerates, it 
changes direction and curves towards the ground. As 
time goes on, the direction of the velocity vector changes 
to point more and more towards the ground. That sounds 
difficult to deal with. 

What IS possible is to try things out. You can see if 
there’s any difference between how gravity acts on an 
object that is dropped versus an object that is already 
moving horizontally (like the cannonball is) before it falls. 


Try it! 


1/clodity vc^-fcov- 

at the ehd 


LiUle PUSH/ 



Ov you dould use 
*bwo per^s mstead - 
iyfc o-f object 
doesn't mattd 


Try dropping two balls off the edge of a table at the 
same time, one with a little push and one with a big 
push. Keep the pushes horizontal for now so you’re 
not'helping' either of them downwards by pushing 
them towards the ground. 

Look out for where they land - and when they land 
- and write down anything you notice. 
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gravity and acceleration 


Gravity accelerates everything downwards at 9.8 m/s z 


Back when you were thinking about the Dingo dropping/launching his cage, you 
worked out that gravity always accelerated the cage vertically at 9.8 m/s 2 , 
whether the cage was going up or coming back down again. 

This is also the case if an object’s velocity has a horizontal part (or component). 
Gravity accelerates everything downwards at the same rate of 9.8 m/s 2 • 


Tried it! 


You’ve just been pushing two things off a table at the same time, but with different horizontal velocities, and 
seeing which hit the ground first. 


TVis ball was Wrt oW 

i\\t tabic Kov-izjo^-tally. 


I I I 

Hov-izo^tal o( 

vclodiiy stays -the sdme - - 



^v-avi-ty is addclcv-atmg 
七 he balls dov/rt ai a 
v-a-tc o-P ^.0 rw/s Z . 


V 


This ball was dvoffed -fvom -the 
o-f *tV>C same 

time as o*tiicv- ball- 

ttov-izo^tal o( 

七 his ball’s velocity stays 
*the sarwc "boo (zjCvo). 


Vcv-ti^al 乙 ompo 灼 c 灼 *ts 

o( bo*th balls’ velocities 

a*t same v-a*tc as 
jv-avi-ty a^^clcv-a*tcs -them. 

— x. + v *t + Vza^ 1 


o 


o 


S'mdc v — O -fo\r bo*th 
balls, *thci\r vcv-tidal 
displacements av-c 
ide^-tidal all tiroes 
av\d c«\ual -to ai z . 


The *tv/o balls hi 七 the j\rou>r>d a*t *thc 
tn^c (^ssurwihj ^Vouhdi is flat). 
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triangles, trig, and trajectories 



The horizontal compowewt of the velocity 
caw't change once youVe let go 

Gravity accelerates things downwards at a rate of 9.8 m/s 2 . When something moves 
through the air, gravity is the only thing affecting it (assuming that it doesn’t have an 
engine like an airplane). The cannonball doesn’t have an engine, so gravity changes 
the vertical component of its velocity at a rate of 9.8 m/s 2 . 

Once you’ve launched the cannonball, nothing affects the horizontal component 
of its velocity. It will keep on doing exactly what it was doing. 

That’s why the two objects you knocked 



TV -tcirm -fov- 

somc-thihg movihg -thvouah 

枷 is a PROJECT/LE. 


S-tvit-tly speak’m》 
iiicvc II be ai\r 
vcs'is*tair\dc, bu*t (or d 
6armor\ball , 七 his y/'ill 
be dr^d you 
i^ovc i*t -fov r^oY/. 


off the table hit the ground at the same 
time, even though you gave one object 
a big horizontal push and let the other 
object drop straight down vertically. 

The vertical components of both 
objects 5 velocities were zero at the start 
- they weren’t falling before they left the 
table. Gravity accelerated both objects 
downwards at the same rate of 9.8 m/s 2 , 
changing the horizontal components of 
each object’s velocity by the same amount. 


The horizontal component of both 
objects 5 velocities were unaffected by 
gravity. The dropped object landed 
directly under where it started, but the 
pushed object landed further away. 

But the cannonball is launched at an 
angle - so its velocity initially has both 
horizontal and vertical components. 
What happens to something like that? 
Time to try it... 



Gravity only alfects 
tke vertical component 
oi tke velocity. 


Try it! - 

Get a ball, and throw it straight up in the air 
while standing still. 

Now start to walk along a straight line, still 
throwing the ball in the same way you were 
before. Walking forwards gives the ball a 

horizontal velocity component which is the 
same as your walking velocity. Throwing the ball 
upwards gives it a vertical velocity component. 

Write and sketch anything you notice. 
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constant velocity 


The horizontal compowgwt of a 
projectile's velocity is constant 

A ball you throw straight up comes straight back down into 
your hand for you to catch. 

A ball you throw straight up while moving forwards also 
comes back down into your hand. Even though your hand 
stays the same distance away from your body as you throw 
the ball (so you throw it straight up), the ball’s velocity also 
has a horizontal component . This is because you’re 
moving forwards at the time that you throw the ball. 


/\ 'Wizxmtal 60 中心 V’ 


The ball’s velocity 
ih siz^ dhd 
di\rcd"tioh "tlurou^Kou't ； 
as giravi-ty the 

vcviidal dorwpohCh-t. 


The ball has vcv-*ti^al velocity 

匕 ompo 灼 c 灼七 at the -top its av-d- 


Ball 、 、 
vdo^itv ^ 




The ball’s hov-iz^^-tal 
velocity V-Cmams 

扒 S*ta 灼七 thv-oujhout 


£.omfoir\Cir\*t 


a^d *tV^c kail sl^7 s 

V^ave idcvrUal V^on^tal 

vcloC.\*tY £* 。州 ? 。灼⑼ 





you 


you 


you 


Youv vclodi*ty (or\ly 
•m iioizjor\*tal 

dive 匕 *bo 灼 ). 


^L_/ouv- vclodi-ty — 
V"CmaihS 6ohS*t^h"t 

thvoughou't. 


/ouVe able -to caie.\\ the 
ball a*t -the chd bemuse 
you\T hoHzjOhtal motiohS 
have bcch idchti^al. 


Throughout the ball’s flight, the horizontal 
component of your velocity and the horizontal 
component of the ball’s velocity are exactly the 
same. The horizontal component of the ball’s 
velocity doesn’t change even though the ball’s 
going up and down. 
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REALLY?! I just don't buy that. 

Gravity must affect every part of the ball’s 
motion. The ball follows a curved path through the 
air! How can you say for sure that the horizontal 
component isn’t affected by gravity? 


O 


TKcsc ave jus 七 b^o 
di 仰 eve ” 七 pc\rspcd*t'ivcs 
of sar^c ball 

七 So 

iiovizo 灼 "tdl dor^por\C^"t 

balls vclod'i*ty MUST 
be sa^c as 

iiovizjov>*t3l £.orwfoy>Cr>*t o( 
七 he places vclot'i*ty. - 


Would you, could you, on a plane? 

OK, so imagine yourself on an airplane, 
traveling horizontally through the sky. If you 
throw a ball straight up in the air, it comes 
straight back down again. 



Now, imagine that you’re looking at the airplane 
from outside. You see the ball following a curved 
path. Relative to the inside of the plane, the ball 
goes straight up and down. But relative to a 
person outside, the ball moves horizontally with 
the same velocity as the plane. 

The horizontal component of the ball’s velocity 
is constant throughout the balls’ motion. 


七 he ball above youv 
•is still same- 


Tke korizontal component 
oi a projectile’s velocity 
isn’t aHected ty gravity, so 

is CONSTANT tkrougWt 

tke projectile’s fligkt. 



By {}\t 七 ’ime 七 he ball 

labels m youv ha 灼 d，you vc 

七 vaveled a Icm^ dista^c 
Kovirjor>*t3lly- 
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horizontal and vertical components 



Can we use the fact that the horizontal 
velocity component is constant to help 
with the cannonball problem? 


Yes. You can treat the vertical and 
horizontal parts of the problem separately. 

Back in chapter 6, you solved an Emu-catching problem 
by treating the problem’s horizontal and vertical parts 
separately. You were able to do this because the cage 
and the Emu are separate objects that are completely 
independent of each other. 

You calculated the time it took the cage to fall using the 
cage’s velocity and acceleration - which are both vertical. 

Then you calculated the horizontal distance that the 
Emu would cover in that time. 


As the horizontal and vertical components of the 
cannonball’s velocity are completely independent, you 
can do the cannonball problem the same way you did 
the Emu problem. 

You can calculate the time it takes for the cannonball to 
land by thinking about the vertical component of the 
cannonball’s velocity and the cannonball’s acceleration, 
which is also vertical. 


Then you can calculate the horizontal displacement 

that the cannonball has in that time using the horizontal 
component of the cannonballs’ velocity. 


Tke vertical component 
oi a projectile’s velocity 
tekaves like an otject 
launckect straigfkt up or 
down at tkat velocity. 


v Aa 哼 s bcdausc i*b 


This s-tays 乙 wsta 灼七 
bedduse 

is v\o Kovizo 灼 
adtclcva*t'ior\. 



This 

because gv-avi-ty 
acts vc\rti^a||y. 





Vertical 
component 
of velocity 


Horizontal component 
of velocity 
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The same method solves both problems 


Vou ALREAPV ^ow 

\)oyj *to solve *tK'is pv-oblcrwf 


.\^L 


i 


X 



Ov 


t 



， 


used subsdvifts v 

■dhd V *to 'vcvtidal 

Aov’izoyrtsl/ so y ou 乙扣 keep *bra 乙 k 

<Jc v/Ki^ vclod'i*ty is v/IVidiv 


Fo\r the Erwu pvoblcrw, youVe v/o\rkmg 
with -the 乙 ay’s vclodiiy (vcv-ti^al) and 
"the Elia’s vclodi-ty (hovizxm 七 3l) \ra*thcv~ 

•tha 灼 y/i*th dorwpo^c^-ts. 




Oh 






x, 


Step 1: Work out the vertical and 
horizontal components of the 




Step 2: Use the vertical velocity 
component and vertical 


Step 3: Use the horizontal 
velocity component and the 
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Question Clmic: The "Projectile" Question 


\ 





W\)tr\ you sec ihc y/ovd 
a^jlc/ stavt tvy'mg 
■to spoi v-ijh-t-a^glcd 
tvia^jlcs, av\d th'mk'mj 

about w s'm, Cos, {^y\ f 

Pythajovas.^ Use -the 
displadcr^c^-t "tv-ia^jlc 

■to dakulatc -the a^le- 




Any question that involves an object projected through 
the air usually means you have to turn its velocity into horizontal and vertical 
components. Then you can use your right-angled triangle superpowers together 
with your equations of motion (from chapters 6,1, and 8) to get your answers. 
The question presented here is a typical question. 


TKis is jus 七 ouv 
pvoblcm v/ovded 

di-f-fevenly- 


y\tcd *to y/o\rk 

out -the vcv-ti^al a 灼 d 

Rcmcmbcv- -to s-tav-t with a sketch, ar\d -to ho^io^-tal velocity 
add m-Po\rmatio^ -to the sketch as you y/ov-k domPo^Chts 
■thmy out, so you have \i all m or\t plade. before you do parb 

b C- 




a. 


sr:;=—=« 


b How long does , „, 

■ the attackers does the cannonball land. 


c_ 


I ^ou vc alv-cady 
Aot\t part a 
the <^ucs*bio^ 
with the 
displa^CmCh*t 
vc^*tov tv-ia^lc. 


TKis involves us*m^ 

VERTICAL 

如 dam>o 灼 ball’s vclodi-ty 
sec hoy/ lov>^ i*t "takes 
{p -fall vcv-tidally- 


This involves usmj *thc WORl^OHT^U 
domfo^c^*t o( -the 匕 a»rmo 灼 ball’s vclodi*by *to SCC 
how -fav- i*t tv-avcls ho\rizjo^*tally \y\ *tha*t *ti 你 e. 


Tiic v/ovdalso 
^ivcs you 七 lie W 七七 1 ^七 
domfoy>cv>*t vct*bovs 
be impov*tar>t 


0 


The projectile question almost always 
requires you to work out the time it takes for an 
object to fall (using the vertical velocity component), 
and then the distance it travels horizontally in that 
time (using the horizontal velocity component). 

































Step 1: Work out the vertical and 
horizontal components of the 
initial velocity ， v 0 ' and v Qh . 




(3i|^rpen your pencil 



You are in a castle where the wall is 15.0 m high. A cannon at the top of the wall is aimed directly 
at an enemy 20.0 m from the base of the castle wall. The cannon’s muzzle velocity is 90.0 m/s. 

You’ve already worked out that the cannon makes an angle of 36.9° with the horizontal. 

Now it’s time to work out the vertical and horizontal components of the cannonball’s velocity. Use 

subscripts in your symbols, v v for the vertical component and v h for the horizontal component. 


This is a displacement 
vc^-tov- tv-ia^lc. V^ u y^ttd 
b> a velocity 
*b\ria^glc Br\d v/ov-k out the 

o( its sides. N/ 
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You are in a castle where the wall is 15.0 m high. A cannon at the top of the wall is aimed directly 
at an enemy 20.0 m from the base of the castle wall. The cannon’s muzzle velocity is 90.0 m/s. 

You’ve already worked out that the cannon makes an angle of 36.9° with the horizontal. 


Now it's time to work out the vertical and horizontal components of the cannonball’s velocity. Use 

subscripts in your symbols, v v for the vertical component and v h for the horizontal component. 


Thc\rc 3\rc TVJ0 v/dys o( domg «^ucs*tio 灼 ’ 



This way v/ould be -the <^uidkcs*t i-f you hadir / 七 already bcc^ playmj 

y/i*th disp|adcmc^*t *tv"ia^lc ca\rlic\r oy \- , , 

r 0 start by wiritmj 

out the C<\ua*tioi^. 


ii 



Vc\r*tidal 匕 ompoir^c 灼七 


I 七 docs^-b ma*b*bcv" 
>n\\\cM oY\t you used 
- -bV^cy bo*t^ v/ov-kf 


v — — ^.0 m/s (1> sd) 

tto\rizjo^*tal dompem ⑶七 

⑽”。)二祭二各 

whai Y ouV e -tvyma t> do. ^ v = 价。綱 。 ）= 7 Z .0 «,/s (l sd) 


/Vlakc sure you use V^cadmjs, 
so you ^y\d otV^cv-s kr\ov/ 






Domfl^ i-b usmo^ similar •bria^^les 

The posi*ticm and vclodi*ty *t\ria^glcs av-c SIMILAR TRIANGLES. 

\/clodi*ty Displademwt 

.1 





As thcyVc sinr»ila\r -tiria^lcs, 

the v-atios o( theiv- side 
l^Q Jc^jihs a\rc idc^tidal. 


v 

Vc\rtidal do 你 po 灼⑼七：祐 

V 

ttov-izo^-tal dompo 的亡的七：命 


10.0 



ill 么 

令 V v = 

1^ x °[0 



10 

I? 

V = 

’ V 

10 x °[0 


弓午 m/ 


s 


7 Zm/s 


Thciv a^lcs ave 
S3mc> as 
•they bo*th have 
a °[0° a^le ar>di 
a V>.” 0 a^le- 

















































triangles, trig, and trajectories 


I did it the first way, but I don’t 
see the point of the second way. Why 
bother including it when ifs so complicated, 
and I already did it right?! 


0 



Sometimes there’s more than one way 
of doing the same calculation. 

There often isn’t one single “right way” to solve a problem 
in physics. As long as you reach the correct destination, it 
doesn’t really matter how you got there, as long as what 
you did makes sense. 

Here, the usual way to work out the horizontal and 
vertical components would be to use sine and cosine, along 
with the angle and side you’d been given for the velocity 
triangle. That’s the method given in the first answer. 

But because you already knew all three sides of the 
displacement triangle (from doing the ladder thing), it 
was possible to take a shortcut this time. Shortcuts are a 
good idea - they involve doing fewer calculations. Fewer 
calculations mean you type less into your calculator - and 
there’s a smaller chance that you’ll mess up by accidentally 



The ratios of 



This particular shortcut works because the displacement 
and velocity triangles are similar triangles. You already 
know that the ratios of their side lengths will be the same. 

25 in the first triangle = qq in the second triangle. You 
don’t need to use the angle and sine, cosine or tangent to 
calculate the ratios of the side lengths. 
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work out the intermediate steps 


m high ' A cannon at 

a. What angle does the cannon make with the ground? 

- How long does it take for the cannonball to reach the grouno 
■ How far f rom the attackers does the cannonball land? 


Calculating the horizontal and vertical 
components of the cannonball’s velocity 
wasn’t part of the original question. Is there a way 
of spotting that we need to do that? 



Ko>w its 七 ime *to yt 

OY\ W\i\\ pav-t b ok 

七 he ovi^i^al pvoblcmf 


I 的七 I 化 <$ucs*tio^ Clmids 
七七七 he book, v/c^vc 
*takc^ several -tyfidal c^am- 
s*tylc ^ucs*tio^s and bv-okc^ 
•tKcw' do^iY\ *bo *tcll you whst 
k'mds o( dlucs -to look ou 七 -Pov 



Sometimes you have to work out 
the intermediate steps yourself. 

Many processes in life involve a series of 
intermediate steps to get from where you 
are to where you want to be. To get into your 
house, first of all you need to find your keys! 
Physics problems can be like this too. 

In order to calculate the time it takes for 
the cannonball to fall, you need the vertical 
component of the cannonball’s velocity. And 
to calculate the horizontal displacement, 
you need the horizontal component of the 
cannonball’s velocity. 

Spotting these intermediate steps comes with 
experience and practice with a variety of 
physics problems. You’ve been building up the 
ability to spot what you need to do to solve a 
problem as you’ve been learning to think like 
a physicist. But using what you’ve learned in 
this book to do practice problems and exam 
questions from elsewhere is important too. 
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triangles, trig, and trajectories 


Step 2: Use the vertical velocity 
component and vertical 
displacement to work out the 
time the object is in the air for. 



:^|^rpen your pendl 


b. How long does it take for the 
cannonball to reach the ground? 

七 : Tvcat dar>^o^ball like 

divcd*tly 

dow^v/dvds wi 七 h 七 he vcvtidal 
dompo^Cr>*t o-f 七 he darm 。 灼 ball’s 
vclodi*ty. Vo a ske-tdh *tha 七 
only deals wi*th VERTICAL 

diV"Cd*tio^ a 灼 d 30 。灼 -rvom tnCVC- 



弓午 m/s 


You r»\ay v\ctd b> use mov-c 

"thd 灼 or\t c^uatior\ o( motion -fco 

solve this pv-oblcrw. 
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solutions 



Solution 


b. How long does it take for the 
cannonball to reach the ground? 


This is a skc*kh 七 ha 七 o^ly 
dedls wrth \wtidal 

di\rCd*tio^. Its mudh dlc3V*CV* *to 
do *tK*is *tha^ i*t is *to *tv*y *to 
wov-k with fav**b o( *briar^lcs 






r 


i^.o 



今午 m/s 




ZO.O 


7 Z m/ 


Down is posi*tivC| as 七 

s po'mtmg up. 广 

4 / 


O s 


TKcsc av*c the *briar^les you d alvcady 
have dv~dw^ oy\ youv pay duv-m^ cavlicv- 
fav*b o<P *tKc <\ucsiio^. 



V 二弓午 m/s 

o 


V 


d — ^ m/s Z 


? 


% =■ o 





o 


X — X 


o 


v *t* + Vzai 1 


?< 

V 


V 


z 


dow^ 

youv- *thvcc key 
c^ua*tio^s, a^d 
make a r^o-tc o-f 

y / wha*t you do a 灼 d 
v 2 ■ + Za ( 乂一乂） do^*t k^ow. 


v + 




>C — 1^.0 m 


I 的 *thc -fi\rs*t c^uatio^, -the only -tiimj I doir/*t ki^ow is t Bu*t •bhev-c^s bo*th *t *t z m *tiic 
C'uafccm, d^d I 匕 扣’七 \rca\r\ra^gc i*t *to say W- t — sometiVn^.” 

So use *tiiiv-d c<\ua*tioir\ *to y/o\rk ou*t v ; *thc^ use 七 value *m v — v + a*t *to wo\rk ou 七七 • 


V 


z 


v/ + h(w 0 ) 



V 


丁 ^ 午 2 + (2 •乂 乂 I 弓）二 ^.7 m/s G sd) 


Use ^is value m V =1 v o + ai io y/ork out t 
v 二 + at 

^ ^ o 

弘刀 一弓午 


o 

V — V 


个 ， 

l-f youVe or^ly w'rth oy\C 

domfo^C^*t (m -this dasc the 

vcv**ti^ 3 l o( the 

disfladcmc^t vclodi*ty a^d 
addclcv*a*tio^, you da^ omi*t 
•the 'hov-izo^^r a^d 'vevti^ar 
subsdvif*ts -Pvom youv* v/aviables *to 
vedude the dlu*t*tcv* m youv* v/ovk. 


v — v 

- - sP 

d 




O.H (i sd) 


I 七 *takcs 0 Z7^> s sd) -fov- *tiic dd^^o^ball h> v-cadh *tiic you 灼 d. 
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triangles, trig, and trajectories 

Step 3: Use the horizontal 
velocity component and the 
time to work out the object’s 
horizontal displacement. 




Now for part c (or step 3 in the illustration above). Hang in 
there; you’re nearly done! 

c. How far from the attackers does the cannonball land? 
(The attackers are at the edge of the moat, 20.0 m from 
the base of the wall.) 


Hm 七 : Tv*ca*t the like 

somrthmg laughed hoviz^o 灼 "tally wi-th 

hoviz^oivtal o( the 

darmonbairs vclodiiy. Po a skc*tdh 七 ha 七 
o^ly deals wi-th H0RIZ-0NTAL- 

divcd*tio^ d 灼 d 3 。 o 灼 -Pv*om 七 heve. 



You II heed *bo use velodi*ty 
•tv-ia^jlc you alvcady wov-ked ou*t 
a^d the tiW'C -Pvom fav-*t b (i*t 
•takes O.Z7^> s (or ihc darm 。 灼 ball 
-to v-cadh -the you^d). 
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did you answer the question? 



arpen your pencil 
w. Sotution 


c. How far from the attackers does the cannonball land? 

(The attackers are at the edge of the moat, 20.0 m from the base of the wall.) 


七二 0 . 2 ^ 7 厶 s Tiiis is iio\rizjor>*tal 

v — 12 - m/s 


darmonball’s vclod'ity. 


Distande 二？ You wov-kcd this 

^ out ih pav-t b. 

Ca^monball *t3kcs 0.2H^> s -to v-cadh -the jv-ou^d 



今午 m/ 


s 


You y/ovked "(JVis ou 七 

__ {\\t 'miss'm^ s*tcf 

between pa\rts d 3 r\( 


ttov-izo^-tal dis*tair\dc *tvavclcd m -this "time 


二 speed x. -time 

二 7Z x. O.Zl^> 

二 m m (Z sd) 



av-c 2.0 0 m away -fv-om -the 
-foot o( the castle wall- This is a^o*thcv 
way o( saym^ that -they arc ZO O m 

horizontally -from *thc 匕 Sirmoh- 

So -the 匕 airmohball Uv\ds 2.0.0 - 1^.^ — 0.1 m sho\rt of atta 乙 ke\rs, 


， .S method - o^e you 

； L how how '^9 ^ iakes-to 代 a 扎 

4 9 ,ou,d vertically, W o,k 

S>/ 匕 “ 咖如 II t^vcls 

miZOHTALLV i, this ti. c . 


bu*t p\robably ^c*ts vuirmmj scared •• 


p-,a you a^sy/cr tKc <\ucst»o^ yo 丫 … 

ACTUALLY AS^tP (d'»sla^c 仏啪 

•t^c attaAers) or did you leave \i as 
\%°1 m (d'»s*tair\£.c ( ron\ *t\ic y/all)? 


Ckeck ： ” Have I 
actually answered tke 
cjuestion I was asked?” 



Make sure you do^-t -fov-yb *to 
do sorncthmj simple 3*t the C^d ； 
like ^o^vcv-*b u^its o\r sub*bra 匕 *b 
oy\C *(Vom another. 
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And so they raw away... 

The cannonball lands only 10 cm away from the attackers and 
soaks them! They didn’t know you had a cannon up your sleeve 
(as well as your shovels). And and they’re not waiting around to 
see what you do next - so make a very hasty retreat! 



BULLET POINTS - 

■ With a right-angled triangle where you know the length 
of one side plus one other fact (a side length or an 
angle), you can work out all the other sides and angles 
using sine, cosine, tangent and Pythagoras. 

■ Similar triangles have the same sizes of angles. 

■ Similar triangles are useful because the ratios of the 
similar sides are the same. This means you can often 
find side lengths without having to work out an angle. 

■ If something’s velocity is in a different direction from its 
acceleration, try breaking the velocity down into vector 
components parallel to and perpendicular to the 
acceleration. 


■ Vectors should always be added nose to tail. 

■ Once your displacement/velocity/acceleration vectors 
are broken down into components at 90° to each other, 
you can treat the two directions independently. 

■ You might want to work out the time it takes something 
to happen from one component, then use that in an 
equation involving the other component. 

■ Add together the component vectors at the end to find 
out what’s happened to the original vector. 
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standard triangles 



|-f youVc dom^ *tV^C AP P^ysi£.s eWrw’ 
you vc ^o*b dllov/cd d C.3ld.ul3*toV" m *tV>c 
Lltiplc ^o\u senior.. So tv^cy 3 ivc you 
a -table - like i\\t ov\c you v/ovked out 
cavlicv- - o-f values -fov- s'mc, tos'mc By\A 
。哼灼七 for ^cv-ba'm armies. 


Hey ... IVe noticed that the AP 
table of information has sine, cosine 
and tangent for common angles. 1 What 
makes an angle common?! 


There are some standard triangles 
that you should look out for. 

You’ve already met the 3:4:5 triangle in this 
chapter. Its angles (to 2 sd) are 37° and 53°. So 
if you see a question, especially on the multiple 
choice section (where you can’t use a calculator) 
involving these side length ratios or angles, you 
know what kind of triangle it is. 



3 


Another standard triangle 
is the 1:1 V2 triangle.. It 
has two sides that are the 
same length, so the two 
angles opposite them are 
the same size - 45°. 




Note that the smallest side 
is always opposite -the s^alles-t 
dhd lav-jes-t side is 
opposite the layjcsi a^le- 


The third standard triangle in 
the table is the 1:2V3 triangle 
Its angles are 30° and 60°. 
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Question Cliwic: The "Missing steps" Question 




o 


This is 七 he 
rwiss'mj s*tcp dr\d 
*thc ho 
bemj able bo do 
the ^ucs-tio^. 


n, you'll get a multi-part question, which doestVt 


directly ask you to carry out some of the steps you need to get from one 
bit of the question to the next. So there are missing steps that you need to 
figure out yourself. If you re familiar with the methods that are used in certain 
types of questions, you'll be fine with this. 


T\\c way <\ucst»o^ »s set up at tVjc start, 
i 七 ^ould be a 'v/Kca*b -fvom *bKc ov\t 
tv^ese details avc »r\rclcvarrb ar^a just 

•m i\\CYt bo dis-tvad-b you. 


So you siari with a sk^ a，d do 

； hC W w with (s^ 

， tUk Pyth^o^as will be Lt 


c vnn 加 P m acastle where the wall is 15.0 m high. A 
cannon at he top of the wall is aimed directly at an enemy 
Z^rfrom the Ease of the castle wall. The cannon s 

muzzle velocity is 90 m/s. 

a . what angle do es the cannon make with the groun d? 

horizontal and vertical components^ 
[he cannonballs velocity. 

b. i^io^do^i^rthe cannonball to reach the 

c. Howlar from the attackers does the cannonball land? 


If you dor/*t v-caliz« 
-that -this is RBAL-iY 
important you 
wv-o^jly -tv-y -to do 
七 he ^ucs-tio^ usmj 
Pythajoiras a^d a 
s-tv-aijli-t -Plijh-t path 

alo 灼 3 -the hypo-tc^usc 

o\ a vi ☆ 七 - 

like v/c did 

cav-licv-. 


Pa\rts k a^d t v\ttA you -to use 
c'uaWs d moW - ad 
V ou MUST t 叫咖七七 V 
wiss'm^ s*tcf *to kc 3^lc xo do 

七 towc 乙七 


This shows you how important it is to 
practice thinking about and doing certain types 
of questions, so that the in-between steps become 
something you'd do naturally, and you don’t get 
stuck or waste time going down the wrong path. 


0 
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your world 




Pythagoras 


An equation that you can use to find the third side of a 
right-angled triangle when you already know two sides. 



Trigonometry Using the ratios sine，cosine and tangent to relate 

ratios of side lengths to angles. 



Component 


‘Part’ of a vector. For example，you can turn a 
vector that’s at an angle into horizontal and 
vertical conponent vectors. 
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triangles, trig, and trajectories 



Your Physics Toolbox 


You’ve got Chapter 9 under your belt and 
added some terminology and answer¬ 
checking skills to your tool box. 


PY-bV^ajov-as TV^cov-cm 

W sides 

吨七 - a—d We, you 63, 
daltulatc 1 ⑼讲 d 如七 Wd s«de. 


Sp 。 七七 he 

you do d skc*t^*V> 七 ha 七 
involves *b>/o dimC^sio^s, look ou 七 
-fov* *tv*i3^ cs * 

Keep a special look out -fov 
Vi 吵七一 ar^lcd -tvia^^lcs -fov-med 
y^\\tYi art ^o\y\^ oy\ 

both hovi^tally a^d vcvtidally. 


sihC，dosihC dhd 

sihC, 匕 osihe dhd *tahgch*t 3v*c ratios *thc 

sides o-f a right - ahgled tHa^glc. 


b 


hy P 


a 


b^ + a 2 - 


in^lcd 


0 


J 


°PP 


CompohCh-t ved-fcovs 

^ f * ,s m ° vih 3 ^ ^ ^ 9 i c； Turr 

us C +ul io b^k dow, its velocity vd •士 
Ho\r.zohtal 3hd 败七 i“| ^ompohCht vd. 

The WizohUl ^ompohCht vcmaihs dohs^ht 

The vc\rt.^al ^ompohCht is a^uied by gravity. 

This lets you bir^k dow, 5 — 地 d — |en 

，hto two s,m pk Problems that you dlir^dy 
khow how *to do. ] 


七 \ria〜e 

|-f you k 妁。 OY\t side 3^d 。灼 C 
oi\\tr (citlicv- d side ov 
a 於 *thc^ you >wov-k 

out EVERYTHING is 

-to kv^oy/ about a ri^t-a^^lcd 

*bv*i3^lc us*m^ Py*t^3^ov"as a 灼 d 

s\v\t) toi\Y\t a^d 


ajd 


Sll 


Cos(Q) 


i3v)(& 




°PP 


TOP TIP - Make su,e ^ ihc ^ sm ； 
6 aWlaW P° l°^ort or a^cv 如叫 

如 - c ?r :二•他 ⑽。” 



H 

w 
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10 momertnm conserV^ition 




What Newton Did ♦ 



No One likes to be a pushover. So far, you’ve learned to deal with objects that 
are already moving. But what makes them go in the first place? You know that something 
will move if you push it - but /?om/ will it move? In this chapter, you’ll overcome inertia as 
you get acquainted with some of Newton’s Laws. You’ll also learn about momentum, 
why it’s conserved, and how you can use it to solve problems. 


this is a new chapter 
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whafs the cannon range? 


The pirates be havin' a spot o' bother 
with a ghost ship... 

The pirate captain is being chased across the seas by a ghost ship 
and needs to make sure it keeps its distance. 

His ship’s fitted with some Sieges-R-Us battle cannons. The 
captain wants to know the maximum range of his cannons - the 
maximum horizontal distance he can fire a cannonball, and 


Yaar. I'd sure be appreciatin* it if 
you could be workin* out the maximum 
range of our cannons. We don’t want the 
ghost ship gettin* too close.. 


0 

o 


you’ve been called in as the expert. 

But the supply of cannonballs is limited at sea - so he won’t 
actually be able to fire a cannon until you’ve got it all worked out. 




Stt 






Pirate ship 




Battle Cannon 

Strong but lightweight 

Our unique alloy gives it high manoeiivrabi^ily. 

Range of angles 
Wide range of colors 

fastetul lrl9gratlDn, wha[&v&f your decor. 

High muzzle velocity 

SX) mfe with a standard Iron cannonball 


/ 




Carmcmball’s -Plighi paih 
1 


The r^uzzJc velocity is 七 he vdodiiy y/iih 
^'itM the darmonball leaves the 乙扣⑽灼 . 

1 七 、 the UKmohbalrs mrtial velocity. 


^hos*t ship 




Sea. 








is i*U ho\rizx>^*tal displacement 

小 
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momentum conservaf/ofi 


Wkitetoard Wipeout - Cannonball 


Time to get the hang of what the cannonball’s doing. Your job is to sketch graphs that show 
how the horizontal and vertical components of the displacement, velocity and acceleration 
change with time. Think about it one component at a time, and do the easier graphs first ! 广 

if 

「 Ala'X.irwurw hcijh-t 

?\rait ship 〆 ，广一 



Stav 七 by 
about what the 

addclcv-atio^ artdi vcv-tidal 
addclcv-atio^ av-c -fiv-st 


^hos*t ship 
























cannonball solution 


Wkitetoard Wipeout - Cannonball SOLUTION 

Time to get the hang of what the cannonball’s doing. Your job is to sketch graphs that show 
how the horizontal and vertical components of the displacement, velocity and acceleration 
change with time. Think about it one component at a time, and do the easier graphs first! 



Piv-aic shif 



Ala^irwurw hcijh't 





^hos*t ship 


Horizontal displacement 



*md\reases a*b 3 乙灼 *t v-a-tc. 


Horizontal velocity 


Hov-izjo^tal vclodity 

is do^s*ta^*t 




Time 



Time 


Ca^o^ball always dovcv-s the 
same amount o-r hoV-izx>^-tal 
distande pev* sctoY\d- 

Horizontal acceleration 

As 

Ca^o^bdll has z^ro addclcv-atio^ 
\ y \ *thc hoV"izjo^*tal di\rcd*tio^. 




Time 


Oy\U *thc dairmo 的 ball’s bcc^ -fiv-cd, 

fush'mj it hov-izjo^-tally 
to make i*t -Paster or slower. 


Vertical displacement 



Maximum height 
hal-fway •thv-oujh. 


Time 


— Ca^^o^ball stav-b - 

-finishes at the same heijh-t- 


Vertical velocity 

, \/cv-ti^al vclodity 

I C =* 0 at -tof 

css By\ css. ^ 


Time 



Uf is fos'rtivcj 
da^o^ball s-tavb 
o-f-f jomg uf. 


Vertical acceleration 

As 



Voy/y\ is 

ddrm 。 灼 ball domes badk 

dovm, -fas-tev". 



Co^s*ta^*t vertical 

addclcv-a*tio^ due -to 
jv-avi-ty =• -^.0 m/s Z . 


Time 
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momentum conservaf/ofi 


What does the maximum range depend ow? 

Now that you’ve sketched the graphs of its component vectors, you can think 
which variables may affect the maximum range of the cannonball. 

For example, you already know from the last chapter that the firing angle 
will make a difference to the range. But what angle will be the best? Gan you 
figure it out by thinking about what will happen at the extremes of the 
range of angles you could fire the cannonball at? And is there anything else 
you might need to take into account? 


— ^terpen your pencil_ 

a. Write down all the things that could possibly affect the range of the cannonball. 


Now think about some extreme angles to help you work out what’s important. 

b. Imagine - and draw - what will happen for small firing angles (close to 0° or horizontal) and describe 
this in terms of horizontal and vertical velocity components. 

c. Imagine - and draw - what will happen for large firing angles (close to 90° or vertical) and describe 
this in terms of horizontal and vertical velocity components. 


Spade -to 
write m. 




Spade 

*to draw. 



How docs 
七 he -fiv-'mg a^le 
altcv 七 he 



ki；：：--- 


d. What do you think the optimal firing angle will be to give the maximum range? (You don’t have to 
be right - just guess and trust your instincts). 


you are here ► 
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whafs the best angle? 


(parpen your pencil 

Solution 


a. Write down all the things that could possibly affect the range of the cannonball. 

d^le Vt\ot\{>/ o-f ship 

\/clodi*ty dd^o^bdll A bij v/avc dould / vclodi*ty 

W\y\d speed di\re^ticm 

Now think about some extreme angles to help you work out what’s important. 

b. Imagine - and draw - what will happen for small firing angles (close to 0° or horizontal) and describe 
this in terms of horizontal and vertical velocity components. 


Vt\oc\bf 

Method 



|-f is small ； hov-izo^tal is la\r^c, 

vertical is small- Although i*t’s -fas*t ho\rizx>)rrtally, i 七 is / 七 

mudh time m the 3i\r because "the vc\rti^al is so low- 


c. Imagine - and draw - what will happen for large firing angles (close to 90° or vertical) and describe 
this in terms of horizontal and vertical velocity components. 


Vt\ot\bf 
vc^*bo\rV^ 


I \ 


|-f d^le is ld\r^e ； vc\rtidal dow\pohC^*t is la\r^c, 

ho\rizjo^*tal 匕 ompohcirrt is small. So *t^C 乙 spends a \oy\^ *timc c^f-f 
yoimd — bu 七 doesn't *tvavcl vc\ry -fav- hov-izjo^-tdlly *m 七七 ime. 


t 


d. What do you think the optimal firing angle will be to give the maximum range? (You don’t have to 
be right - just guess and trust your instincts. 

The optical d^le y/ill be between -these *two c>^*tvcrwcs - pv-obably a*t around ^°. 


Firing at 45° maximizes your range 


An angle of 45° gives you the best 
balance between time in the air (vertical 
component of velocity) and distance 
covered horizontally in that time 
(horizontal component of velocity). 


Initial 

vclo6*ty 


So you end up with the maximum range 
possible for that velocity. 



Lav-jcv- a^le jives 
you move 3i\r "time bu 七 
/ d smaller hov-izo^-tal 
vclodi-ty 








N 


、 衫 0 3 ,v ^ s y° u the 

The" 

always sy 咖 didal. 、 


\ 


N 


\ 


S 


S 




\ 

、 \ 




s 


\ 


s 




v 
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义 WcVc usmg -the subW_pts V a^lc 5 Wcs Y ou a 

V^a^a (or -the vcv-tidal a^d ^v^r^al vclo6ty 

hov-izjo^tal dompowb. 此 bu 七 less a’iv 七 •• 你 e. 












momentum conservation 


You caw't do everything thafs theoretically 
possible - you need to be practical too 

The pirate captain is delighted at your suggestion of achieving a maximum 
range using a 45° firing angle. Unfortunately, the pirates aren’t able to aim 
properly for angles greater than 10°, so a 45° firing angle isn’t practical. 
Sometimes what would be theoretically possible is restricted by what’s 
physically possible. 

But on the bright side, you know that if the pirates fire their cannon at 10°, the 
cannonball will go further than it would for any other possible angle, as 10° is 
the closest to 45° you can practically get. So you can calculate the range ... 


That’s great - but 
our maximum firing 
angle is 10°. Whafll our 
range be then? 



rpen your pencil 


Rcmcmbcv- *to s*tav*t wiih a skctdh, 
By\A say v/hidh div-cd*tior> is positive. 
You wa 灼七 *to use subsdvifb *to 

vc\rtidal a 灼 d hoviz^o 灼 *t^l 

like v and '• 


' Work out the maximum range of the cannon when it's fired at an 
angle of 10° with an initial velocity of 90.0 m/s. (Assume that the 



cannonball is fired from sea level to sea level.) 

Pa^c m dhaftev ^ by\A pajc ^ m 
cMa^itr should hclf you i-P youVc Y\oi suv-c 
how *to break -this fv-oblcm m*to smaller 
fav*b. 
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look for symmetry shortcuts 


(parpen your pencil 

Solution 


Work out the maximum range of the cannon when it’s fired at an 
angle of 10° with an initial velocity of 90.0 m/s. (Assume that the 
cannonball is fired from sea level to sea level.) 


S*tav*t o-f-f by y/o\rk'mg ou*t hovizxmtdl By\A vertical vclo 匕 i*ty 匕 



s\y\(IO°) 


2? ^ % 


v 


Om 


V 


OK 


r — — dos(lO°) — ^ 

今 \ 二 m/s (Z sd) v oh 二 ^ 。 5 (|0 °)二视 


m/s (Z sd) 


与 C 七 *timc -fvom ve\rbidal vclodi*ty (wo\rk*mg OblU/ v/rth vc\rti^al 乙 ompon ⑶七 s): 



a - - 卞 0 m/s Z M P is P osit，VC 

V 

一 >C — O Tf\ 

v Ov 

小 I 


V 二 I 弓.厶 m/s 

Ov 


? 




\/ 


V — 一 I 弓.厶 m/s 


v 


V Ov + 




^ ai 


V — V 


Om 


Eithcv use subsdv-ip-ts like -this, o\r 
bc vcv-y vcv-y dav-c-Pul v/hc^ you 
*brea 七七 he vcv-ti^al a 灼 d hov-i^o^-tal 
dompohc^ts sepav-a-tcly/ 


v — V 


Om 


a 


(-關 - (關 


?>.IG s sd) 


、A 


z.ie 


lVo\rk ou*t ho\rizx)^-tal dhd^e m position du\r*mj that time us’mj ho\rizxm*tal velocity 

Ax. 乂—乂 乂 

v 二 ^ 二」 _ 二 」l 

K AT 七一 O i 

^ — v^*t — 的石 X 3.1 召二 Z0Z m CZ sd) 

The \ra^jc *t^C dairmcmball -fiv-cd 3*t 10° is Z^Z m (3 sd) 




No addclc\ra*tioir\ *m 
ho\ri2jO^*tal dli\rcd-tioir\. 





Spotting that the initial and final vertical 
velocity components are the same size (although 
in opposite directions) is pretty useful, right? 


Look out for shortcuts involving symmetry. 

Symmetry is often a useful shortcut - especially if the 
overall vertical displacement is zero. 

Sometimes you can use the fact that a projectile takes 

equal times to go up and down as a shortcut. 

And sometimes you can use the fact that the vertical 
components of v Q and v have the same size 

(but opposite directions) at the same height. 


Velocity ved-fcov- 
at the s*ta\rt 
I 
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momentum conservaf/ofi 



Dumb Quest! 


ons 


Is it OK if I didn’t spot the 
symmetry but still got most of the 
way through the problem? 

Yes, it’s absolutely fine. But 
it’s always a good idea to keep on 
the lookout for symmetry, because it 
sometimes lets you solve problems 
more quickly. 

Can you still get the right 
answer to a problem like this even if 
you don’t spot the symmetry? 

Yes - you can use the equation 
v 2 = v 0 2 + 2(x - x 0 ). Here, x - x 0 = 0 
because the cannonball starts and 
finishes at the same height. So the 
equation simplifies to v 2 = v 0 2 . 

If I have the equation v 2 = v 0 2 , 
doesn’t that mean that v = v 0 ? 

Not necessarily. If you multiply 
two negative numbers together, then 
you get a positive number. So the 
solution to the equation v 2 = v 0 2 could 
either be v = v 0 or v = -v 0 . 


If I have an equation with two 
possible solutions, how do I work 
out which solution is correct? 

Look at the context (or ‘k’ontext). 
Here, the vertical component of the 
cannonballs’ velocity points up at the 
start and down at the end. So they're 
in opposite directions. Therefore, the 
solution must be the one where the 
vertical velocity components point in 
opposite directions: v = -v 0 . 

I noticed that there were some 
subscripts used in the sharpen 
answer. Should I use subscripts too? 

Subscripts sometimes help you 
keep track of things - and sometimes 
make things look messy! As long as 
you stay organized and write out what 
you're doing, you'll be OK. 

What if the ghost ship’s more 
than 282 m away? I guess the pirates 
can’t just get new cannons that have 
a higher muzzle velocity? 

The pirates have to stick with the 
same cannons. But the website does 
say that the muzzle velocity is for a 
standard iron cannonball... 






Vt\oC\b/ vcd*to\r 
a 七七 he tY\A 


The vc\rti^oll 匕、、 

ave the same siz^ but 
•m opposite di\rc^tiohS. \\ 

The horizorrtal dompo 灼 errt 

is same (-r\o ho\rizx>^*tal 
addclcva*tioh). 




Usually you’d dv~dw 
the velocity vc^-tov- 
foihtmg away -fv-om 

the but 

put it hcv-c -fco 
、ake the syrwmc-tv-y 
r«o\rc obvious. 


II a projectile starts 
and iiniskes at tke 
same keigflit, tke vertical 
component ol its velocity 
lias tke same size，tut 
tke opposite direction，at 
tke start and iinisk. 


WouldiVt it be dreamy if 
it was possible to Increase the range 
even more without having to buy a new 
cannon. But I know ifs just a fantasy ... 
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even more problems 


Sieges - R - Us has a new stone cannonball 
which they claim will increase the range! 


The Sieges-R-Us website has just been updated! As well 
as the standard iron cannonball, they now have a stone 
cannonball. Although both cannonballs are the same 
size, the stone cannonball is only a third of the mass 
of the iron cannonball because they’re made from 
different materials. 

An object’s mass is a measure of the amount of stuff 
it’s made from. Both cannonballs are the same size and 
have the same volume (so fit in the same cannon), but 
the iron one has more material in it. 

The website claims that the stone cannonball has a 
longer range than the iron one if you fire it out of the 
same cannon. But the stone cannonball is so new that 
there are no tech specs - like the muzzle velocity. 

So... does the stone cannonball actually go 
further, or is it all hype? 


su SIIiGliS ** fjfj 

Cannonballs 

Stone cannonball 


I grease (fje range of 
standard cannon wilh 
a lowers stone cannonball. 

内 quarter oniie 咖卵 of fhe 
standard ton cannpnbaJf. 



Even IF the stone cannonball does go 
further then the iron one, it might not be worth 
the money if it only goes a few meters further. 


fi Does it?’ and ‘How much? 9 are both 
questions you may need to answer. 

Sometimes you need to answer a qualitative 
question, such as “Does a stone cannonball go 
further than an iron cannonball (which has a larger 
mass) if you shoot them from the same cannon?” 

And sometimes you need to answer a quantitative 
question like, “How much further (if at all) does a 
stone cannonball go than an iron cannonball (which 
has a larger mass) if you shoot them both from the 


same cannon: 




Here, it’s likely you’ll need to answer both questions. 
If the stone cannonball does go further, then the 
pirates will want to know how much further, so they 
can keep the ghost ship as far away as possible. 
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rm always very suspicious 
of anything that comes out 
of a marketing department. 


momentum conservaf/ofi 



Jim: Yeah, they don’t even have any tech specs on there about the 
velocity the stone cannonball will travel at - only the fact that it’s a 
third of the mass of the iron cannonball. 

Frank: But the two cannonballs must have the same size if they 
both fit in the same cannon - so how can they have different masses? 

Joe: 1 cm 3 of iron has a larger mass than 1 cm 3 of stone, doesn’t 
it? If you have the same volumes of iron and stone, it takes more 
effort to lift the iron. So if the two cannonballs are the same size, 
then the iron cannonball must have a larger mass. The website’s 
right about that! 

Jim: But didn’t we say before that all falling objects accelerate at 
the same rate no matter what their masses are? So there wouldn’t be 
any difference for the stone and iron cannonballs. 

Joe: Hmmm. But the cannonballs are coming out of the cannon 
before gravity takes over, aren’t they? There’d be the same explosion 
to push them out of the cannon each time. 


Frank: And I guess that’s different from gravity - the explosion 
pushes the cannonball, but gravity doesn’t have to make contact 
with the cannonball to accelerate it. 

Jim: Maybe we could be the cannon. We could imagine pushing 
the stone and iron cannonballs to see what we think would happen. 


Joe: But to us, both cannonballs are difficult to push. Maybe this 
is a good place to think in extremes - like pushing a large mass 
versus pushing a small mass ... pushing an elephant versus pushing 
a mouse ... 


Tke cannon is ctiHerent 
from gravity because it 
puskes tkc caimonliall ty 
inaking[ contact witk it. 




^©tne{}i|ng 

Your job is to imagine pushing an 
elephant, tiien pushing a mouse witii tire 

Push- You want 
Aink about each animal being 


same stren; 


to thinK ： about each 
on a skateboard so that you can 
actually see tke effect of 
How do 


{ken- How do tiieir velocities 


pushing 

es varjf 
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hard to start...hard to stop 




s©tnec)tie s©mef]iStig - SQJjJtIO]^ 


Your job is to imagine pushing an 
elephant, tiien pushing a mouse witii tire 
same sfren^h of pusk You ni^ht want 
to ^vmk about each animal being 
on a skateboard so that you can 
actually see tire effect of pushing 
tiiem. How do tiieir velocities var}^ 


l-f I push *t^C mouse ha\rd, i*t1l Jo \rcally -fast 

I Vs ha\rdc\r *to jc*t *thc clcpiia^*t jomg bedduse 
i*t has a la\rjc\r mass. |-f I jive i*t ihc same push 

I jive -the mouse, it’ll hav-dly move a*t all- 

The object v/i*tii d loy/c\r mdss has d hijiicv- 
vclodi*ty -fo\r *thc same push. 


Massive things are more difficult to start off 

If you stand an elephant and a mouse on a skateboard and give each the same size of 
push to make them move, then the mouse ends up traveling at a higher velocity than the 

elephant. Because the elephant has a larger mass, it’s more difficult to change its velocity. clcpKah*t a^d the 

r»»ousc both stair 七 y/i 七 h 



Lav-jc mass 




m 




iC\ro vc 


lodrty. 



elephant 


► v 




Smdll mdss 



弋 


elephant 


Smdll 

m vclod'rty 


^ Lav-jc 

•m vclodi-ty 


Tke larger an object’s mass ， 
tke more ctiHicult it is 
to ckange its velocity. 


mouse 


mouse 


Massive things are more difficult to stop 

If the elephant and the mouse are already traveling with the same velocity, the elephant 
is more difficult to stop. This is because its greater mass means it has a greater 
tendency to continue at its current velocity when you give it the same strength of push. 


This is -tv-uc i-P -the object’s 
•mrtial vclo^i-ty is zj ^ co . Its also 
"tv-uc i-P the object is mov'mj. 


Pi-W-i^ult *to s*top| 


elephant 


m 


个 

SdmC 

stav-tmj 

velocity 

i 


elephant 


n 


mouse 


m 


mouse 
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m 




elephant 


elephant 


7 


This is *tv-uc i-P 七 he object’s 
duvverrt velodrty is zjCV-o. Its 

tvuc i-P 七 he object is 


Objects enjoy continuing at 
tkeir current velocity. 

















Newtow's First Law 


You have hcav-d 七 he say'm^ W A^ ob)c 乙七 
ai rtsi itv\As *to stay ai vest ； by\ objedt m 
mo 七 ion *tcr>ds *to s*tay m mo 七 ion.” Nc>w*to^s 
ls*t Law -takes -this -Puvthcv-. 


momentum conservaf/ofi 


Objects have inertia, which means that they will keep on 
moving with their current velocity unless you act on them 
with a force (for example, by giving them a push). A stationary 
object remains stationary unless something happens to make it 
move. And a moving object continues to move with its current 
velocity unless something happens to speed it up, slow it down, 
or change its direction of movement. 



Another way of putting this is Newton 5 s First Law, which 
says that an object will continue on with a constant velocity 

unless there’s a net force acting on it. , , , n » 

" Net +OV-dC 

*to*toll OVCV-all -fovde. 

tWeiare no o 

Dumb Questi9ns 





Wt\\ talk 
abou 七 *this 
mov-c la*tcv- OY\. 


NewtGn’s First Law 

says tkat an object 
will carry on witk 
tke same velocity 
unless tlicr/s a net 
lorce acting on it. J 

same PIRECTION 


If this is Newton’s FIRST Law, 
does that mean there are others? 
How many are there? 

You’ll meet Newton’s three Laws 
of Motion in this chapter and the next. 

I’ve heard something about 
Galileo’s Law of Inertia, which 
sounds very similar to Newton’s 
First Law. Do I need to know about 
that as well? 

Galileo's Law of Inertia and 
Newton's First Law both say the same 
thing, there’s no need to worry. 

OK, so does it matter what I 
call these laws? Do I have to learn 
their names or is it enough to 
understand the physics concepts? 

Understanding the concepts 
is the most important thing, but 
in an exam, you may be asked to 
explain what’s happening in terms of 
Newton’s three laws. Then you’d have 
to remember which is which. 


If an object continues on with 
“constant velocity,” it could either 
already be moving, or it could be 
completely still and have a velocity 
of zero, right? 

Yes, that’s correct. Whether 
something’s stationary or moving, you 
need a net force to change its velocity. 

Q：,f its ve,city changes ,that 
means it speeds up or slows down, 
right? 

Velocity is a vector, so as well 
as speeding up or slowing down, a 
change in velocity could be a change 
in direction without a change in speed. 




What does ‘net’ force mean? 


But thafs not right! Everyone 
knows that moving objects 
naturally slow down and stop 
thafs just common sense! 


There might be more than 
one force acting on an object at the 
same time. The ‘net’ force is what 
you get when you add all the forces 
acting on an object together. Just 
like a company’s net profit (or net 
loss) is when you add together all its 
incomings and (negative) outgoings. 

You’ll 


Friction is a force. 

Friction is a force that 
you get when things are in 
contact with one another. 
Newton’s First Law says 
that an object will move at 
a constant velocity unless 
acted on by a net force. 

As friction is a force, it is 
able to change the object’s 
velocity, for example by 
slowing it down, which 
is why moving objects 
often appear to slow down 
naturally when you don’t 
interfere with them. 



moV-C about 

II. 
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think in extremes 


Mass matters 


If you push an elephant and a mouse with the same force each time, 
the mouse ends up with a larger velocity than the elephant because 
it has a smaller mass. And if you try to stop an elephant and a 
mouse that are already traveling with the same velocity, you’ll get 
flattened by the elephant if you push it with the same force that you 
need to stop the mouse. 

The more massive something is, the greater its inertia, or tendency 
to continue with its current velocity, and the larger the force you 
have to push it with to produce the same change in velocity. 


D 


therein 

mmb 



m 



Small mass 


elephant 

Elephant 

、 Small dha 哼 

■ m vclodi*ty 


7 



( Lav-y 

•m vclodi*ty 


mouse 


mouse 


are no o 

Questi9ns 


Does this mean I have to do math with forces? How do I 
do that? 

That’s something for later on. Right now, you’re not doing 
calculations with forces, just working out some general physics 
principles involving them. 



I’ve heard the word ‘inertia’ used to mean reluctance. Like, 
ll \ had to overcome a lot of inertia to get out of bed on a cold 
morning.” Is this another meaning for the same word? 

It's kind of similar actually. An object’s inertia is its tendency 
to continue at its current velocity. In the example you mention, your 
inertia is your tendency to continue in your current sleeping place. So 
the usage is kind-of similar! 


I’m not all that clear on what 
pushing elephants and mice 
has to do with cannonballs. Why 
are we doing this again?! 


The cannon exerts a force. 

The cannonballs have different masses. 

The cannon pushes the cannonballs with the same 
explosion - the same strength of push, the same force. 
The iron and stone cannonballs have different masses, 
but both probably feel quite massive to you. It’s hard to 
imagine what the difference will be. 

So to work out what happens, you’ve been thinking about 
extremes - two things that have very different masses 
-so that you can come back to the cannonballs and say, 
“The stone one will have a higher velocity if they’re both 
given the same push.” 

But before you go back to the pirate ship, here’s a quick 
exercise. 


Get used to 
tkinking in 
extremes to 
work out wkat 
will kappen in 
your situation. 
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E%eftciSe 


In this exercise, you have three coffee machine cups. One has an iron cannonball 
balanced on top, the next has a less massive stone cannonball on top, and the 
third has an even less massive wood ball balanced on top. 

The same brick is dropped directly onto each ball from the same height each time. 


Which cup is damaged the least, and why? 


|\rcm 




Bv-idk always 
dropped -fv-orw 
ihc same height 




(lav-jes-t 眯 ass) 




Co-ffcc madli'me dups 
dll iderrtiddl. 


Relax — >wcVc look'm^ (or a 
so do 灼’七 >wov*\ry i-p 
youVc y \ o {, suv-c v/ha*t will happen- 
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change massiVe velocity 



EmciSe 

%oLpi\OH 



In this exercise, you have three coffee machine cups. One has an iron cannonball 
balanced on top, the next has a less massive stone cannonball on top, and the 
third has an even less massive wood ball balanced on top. 

The same brick is dropped directly onto each ball from the same height each time. 

Which cup is damaged the least, and why? 

Ncw*to^s law says -that objcd*ts a*t 七 he vclodi*ty already 

have unless a^*tcd oy\ by a wt -fo\rdc- AH balls have zjcv-o vclodi*ty- 

The mo\rc massive is, mo\rc -fo\rdc you r\ttA *to i*ts 

vclodi*ty- So its mos*t di-f-fidul*t *to i\rcm ddirmcmbdll movrnj you 

d\rop 七 he b\ri&k o 灼 i*t, as i 七 has mos 七 mass. By bemg di-f-f i^ul*t *to shi-ft 

••七 kmd o( p\ro*tcd*ts *tiic duf. 

Thc\rc-fo\rC| *tiic 匕 up ui^dcv- -the i\ron ball is *tiic least 


iVood 

(srwallcsi 

nr\dss) 


Squashed 

七 he least 



But thafs the wrong way around! The iron one 
must do the most damage because it has the largest 



Tke larger an 
object’s mass，tke 
more diHicult it 
is to ckanjrfe tke 
otject^s velocity. 


Massive things are more difficult to shift. 

If an elephant was sliding towards you, which would you 
rather it hit first - a solid wall or a sheet of paper? With this 
setup, the balls are actually protecting the cups from the 
impact of the brick like a wall would protect you from an 
elephant. The cup under the iron ball suffers the least damage 
because the iron ball has the largest mass. 

If we dropped the balls themselves directly onto the cups, the 
iron ball would do the most damage since it takes more force 
to bring it to a standstill (the cup can’t exert enough force to 
stop the ball... but the ground can). 


Squashed 
os 七 . 


O 
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A stone cannonball has a smaller mass - so it 
has a larger velocity. Put how much larger? 


As the stone cannonball has a smaller mass than the iron one, it will 
come out of the cannon with a greater velocity. 


Lav-jc mass 



Small dha 哼 
\y\ vclod'rty 


Lav-jc 
velocity 


OK, so the new stone cannonballs 
have arrived. I don’t mind doing a 
test firing - as long as ifs horizontal. To 
stay under the radar - see? 


O 

o 


Sr^all mass 


|-f you push 
them with 
the same 


F 



lav-ac mass ^ ,,. 

Small dhar>5C 






lodi*ty 


^S-fcohc - 
.Small mass 


Lav-jc 乙 

•m velocity 


However, the only thing you know about a stone cannonball is 
that it’s a quarter of the mass of an iron cannonball. The pirate 
captain wants to know the range of a stone cannonball fired at 
10°, but will only let you fire a stone cannonball horizontally. 


Firing horizontally doesn’t sound like it’ll help, as you can’t /— 
measure the distance the cannonball goes out to sea, and the 
cannonball’s velocity will be far too high to measure directly. 


Stt 



S 1 EGKS-R-US 

Cannonballs 

Stone cannonball 

W^gjreittW rjirMj© ^ 

a»it 幽卿 d ^ 

«uinantna. 

谢咖 d ton 


You 乙扣’ 七 
measure the 
dis-ta^c 


youVc a-t 


sea* 





|-f you kr\ov/ 七 
vclodi*by> you 

^aldula-tc *bV^c 


Is there any way of working out the range 
or velocity for a stone cannonballs fired at 
10° when you can only measure things that 
are actually on the ship? 
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reduce friction 


So the stone cannonball will go further. Since the stone 
cannonball has less mass than the iron cannonball, the stone 
cannonball will come out of the cannon with a higher velocity. 


o 


Q 0 





O Q 




O 



l\ spv-'mg is a rwo\rc 
doyrbrolled way 
cvccirt'mg a -rov-^c- 


Jim: Yeah, if the stone cannonball has a higher velocity, the vertical 
velocity component will be larger, so the cannonball will stay off 
the ground for longer. And the horizontal velocity component will 
also be larger, so the cannonball will go even further in that time. 

Joe: So we’ve answered the “Does it?” question - it does go further. 
But now we need to answer the “How much?’’ question - how 
much further than the iron cannonball will the stone cannonball go? 

Frank: But the stupid Sieges-R-Us website still hasn’t been updated 
with proper tech specs. If we knew the muzzle velocity for the 
stone cannonball, it’d be easy. We might be able to do something if 
we knew the actual masses of the cannonballs. But all the website 
says is that the stone one is four times lighter than the iron one. 

Joe: Maybe we could do some kind of experiment? 

Frank: But the pirates won’t let us fire their cannons at the ghost 
ship - they want the element of surprise... 

Joe: I mean, maybe we could miniaturize things to do a small 
experiment then scale it up, like we’ve done before. 

0 Jim: With a toy cannon, perhaps. We could make it fire two 
different objects, one four times the mass of the other. 

Frank: I’m not sure how practical it is to calibrate a toy cannon. 
q How about we use a spring to push an object horizontally? 

Then we’re only thinking about one dimension - we can always 
extrapolate to two dimensions later on by using component vectors. 

Joe: But if we push an object horizontally, they’ll soon grind to a 
halt because of the friction between them and the table. There’s 
relatively little friction when a cannonball goes through the air. It 
wouldn’t be the same. 

Jim: Hmm, air. Can we make some kind of hovercraft thingy to 
0 push with the spring? That floats on a cushion of air. 



a (Tho— I’ve 

ov\t 七 1 ^ 七 ). 


408 


Chapter 10 












Somctiimj like ai\r 
hotkey table is a good 

way "to v-cdudc A~id*tio 灼 . 


momentum conservaf/ofi 


Frank: Or, no ... even better - can we use an air hockey table to 
reduce friction? We can push an object horizontally across an air ^ 
hockey table, using a spring to make sure we use the same force 
each time. 

Joe: I just thought of something else. Gannons recoil, right? 

Jim: What do you mean?! 

Joe: When you fire a cannon or a gun, the force of the explosion 
makes it kick back. That’s why the pirates’ cannon has wheels. 

Frank: So how about putting the spring between two objects on 
the air hockey table. One has a large mass, like the cannon. The 
other has a smaller mass, like the cannonball. Then we get a recoil 
when we let the spring do its thing? 

Joe: That sounds good, but I’ve also been thinking - how do we 
measure velocity? That’s what we actually want to find out for 
the things with different masses - so we can scale it up for the two 
cannonballs and work out the range of the stone cannonball. 

Jim: I guess we could mark out a distance we know, and time 
how long it takes for the thing we’re pushing to cover it. We can 
work out a velocity from that. 

Joe: But it’s going to be difficult to do that precisely. It’s not like 
we can use a regular stopwatch because the times here are going 
to be very short, maybe less than half a second and difficult to do by 
hand. 

Frank: I’ve seen this thing in a physics lab before. It’s a beam of 0 
light, and when something goes through and breaks the beam, a 
timer starts. Then when the beam’s restored, the timer stops. 

Jim: But there’s only one beam, right? So how can we time 
something over a certain distance when the beam’s always in the 
same place? 

Frank: If we know the length of the object going through the 
beam, then we know that it’s gone exactly that distance while 
breaking the beam. So we can work out the velocity. 

Joe: And we could do that for both the small object (cannonball) 
and large object (cannon) so we get the recoil velocity as well. 

Jim: Let’s go see what equipment we’ve got in the lab ... 



The 乙灼 vcdoils 

-so let’s push apav-t two 
nesses the spv-'mj. 




Wken you design an 
experiment, try to make 

it LIKE tke situation 


you’re modelling. 
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lab equipment 


Here's your lab equipment 

Here are the things you need for this experiment: 

You need a way of reducing friction. You have an air track, 
which is like an air hockey table because it has small holes in it all 
the way along its length to create a ‘cushion’ of air and reduce 
friction as much as possible. 

You need objects to represent the cannon and cannonball 

The air track has specially-designed vehicles that sit on it. 


Actual is 

lhah -this. 



floats ^ a 


iv pumped out 
*tWoujh holes. 



An air track reduces friction, and the vehicles 
represent the cannon and cannonball. 


- ^ 


You can add masses to the vehicles 
and push them apart with a spring 


You need a way of changing and measuring the vehicles 
masses. The air track vehicles come with a set of masses that 
you can stack on top of them - both these and the vehicle are 
marked with their masses. So one vehicle can represent the 
cannonball and the other one the cannon. 

You need something to push the vehicles apart with the 
same force each time. You can use a spring, which you push 
in to the same place every time. Then when you let go of the 
spring, it pushes the vehicles apart. 


You need a way of measuring velocity. You can measure 
pieces of card and attach them along the length of each vehicle. 

Then set up a light gate (sometimes called a photogate) for each 
vehicle to pass through. When the card breaks the beam, it 
starts a timer, and when the card has passed all the way through, 
the beam is restored and the timer stops. This gives you the 
time it took for the vehicle to go the same distance as the 
length of the card, which you can use to calculate the velocity. 

Tkink atout wkat you 

NEED to Jo. Tken aLout 

wkat equipment you 

HAVE available to do it. 



You can add a piece of card to a vehicle and 
time it with a light gate to work out its velocity. 
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How are force, mass awd velocity related? 

You now have all the equipment you need to design an 
experiment that will let you work out the effect that a cannonball’s 
mass has on its muzzle velocity. But you need to put the equipment 
together in an experimental setup. 

The other important thing at this stage is to work out what 
variables you can change during the course of your experiment. 

These are all the different things that might affect what you are 
measuring (in this case, the velocities of the vehicles). 

— i^barpei your pencil_ 

a. Design and draw an experimental setup with the equipment on the opposite page (plus anything else 
you’d like to use) to replicate a scenario where a force pushes apart a cannon and a cannonball, so that 
they both experience a change in velocity. Your aim is to see how the velocity of the cannonball varies 
with its mass (and whether this also affects the recoil velocity of the cannon). 

b. Identify the things in your experimental setup that you can vary in order to produce a set of results. 

(At this stage you’re not being asked how you would vary them.) 

c. Explain what measurements you would make for one trial of your experiment, and how you would use 
them to fill in a table of masses and velocities. 


Any time you ctesign 
an experiment, tkink 
about wkat your 

VARIABLES are* 
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the power of a spring 




Solution 


a. Design and draw an experimental setup with the equipment on the opposite page (plus anything else 
you’d like to use) to replicate a scenario where a force pushes apart a cannon and a cannonball, so that 
they both experience a change in velocity. Your aim is to see how the velocity of the cannonball varies 
with its mass (and whether this also affects the recoil velocity of the cannon). 

b. Identify the things in your experimental setup that you can vary in order to produce a set of results. 
(At this stage you’re not being asked how you would vary them.) 

c. Explain what measurements you would make for one trial of your experiment, and how you would use 
them to fill in a table of masses and velocities. 


a- Wse an ai\r -tiradk 
"to \rcdudc 
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# 廖 


\Zavious 
masses 
ddded 'to 
vehicles. 


Picdc o( tav-d - 

know 七 he Icr^aih. r . ., 

、 J pushed the 

sarwc amou^-t eddh -time 
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Li^vt 

measures *tiw\C i"t 

广 -takes -for tav-d *to 

pass *tWou^v 

6 :? 


l # 麝 




sfv-mj iias spruir^ 
{\\trt are Y\o )io\r*izjor\*tal -forces 
oy\ vcWidlcs. 




b. I da 的 vav-y mass o( ea 匕 h vchidle, BY\d o-f spv-mj. 


L. Fo\r OY\t *brial, I would fu*t masses oy\ vchidlc- Thci^ fd use scales *to -fmd mass of vehicle plus 
masses. I would use light jates *to measure *tiic time i*t takes -fo\r eddli vchidlc *to pass -t^v-oujh. I 
would use o-f da\rd and time *to y/0V-k ou*t cadh vchidlc^s vclodi*ty 


theretare no o 

Dumb Questi 9 ns 


Why am I using two vehicles again? 


Cannons recoil. As well as the 
cannonball going forwards, the cannon goes 
backwards. So you’re replicating that. 


Why am I measuring the ‘cannon’ 
vehicle’s velocity when I’m only 
interested in the cannonball’s velocity? 


You never know what might be useful... 


But that’s just extra work! 


The spring pushes both vehicles, so 
knowing both velocities might help you come 
to a better conclusion than only knowing one. 
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Frank: Yeah, but what do we do now? 

Jim: I guess we push the vehicles apart, measure some times, 
use them to work out velocities and write them down in a table. 

Frank: But we gotta be more organized than that. Like, what 
will we change in between one trial and the next? 

Joe: We can change the mass of the “cannon” vehicle and 
the mass of the “cannonball” vehicle. 

Jim: So we just change both masses each time. We won’t have to 
do so many trials that way, as we can change two things at once. 

Joe: I’m not sure that’s a good idea. Suppose we change both 
masses and get a different result for the velocities. We won’t 
know why we got a different result. Which of the two changes 
was responsible for the difference - or did it come about as a 
result of both changes working together somehow? 



Frank: Yeah, that’s a good point. In real life, the cannon’s 
mass doesn’t change. I think we should give one of the vehicles 
a really large mass - like the cannon has compared to the 
cannonball - then vary the mass of the other vehicle each time, 
we do a trial. 

Jim: But what if we just happen to choose a mass for our 
‘cannon’ vehicle that produces a special result. I think we need 
to change that mass as well, to make sure anything we work out 
isn’t a special case. 

Joe: So why don’t we do one set of trials with a fixed ‘cannon’ 
mass and change the 'cannonball mass’ each time, then do 
another set with a different fixed ‘cannon’ mass to see if that 
makes a difference? 

Frank: And then do another lot with a different spring, to make 
sure that’s not a special case too. 

Jim: OK, I see what you mean. Changing only one thing at 

a time must be the best way of doing it. If something different 
happens, you know for sure that the thing you changed is what 
caused the difference. 



your experiment. 


Thcv-c a\rc THRBB vav-iablcs 
m youv 
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experiment 


Vary only owe thing at a time m your experiment 

The point of doing an experiment is to find out what happens to one quantity if you 
vary another quantity. In this experiment, we want to find out what happens to the 
velocities of two objects that are pushed apart by a force when you vary the objects’ 
masses. Then you can extrapolate your results to predict what will happen to the 
velocities of a cannon and cannonball when they’re forced apart by an explosion. 

If you vary both masses for each trial of your experiment, it’ll be difficult to spot 
patterns in your results. You won’t know which change had the most effect on your 
results - or if the changes somehow canceled each other out. 

So by varying only one mass at a time then changing the other mass and doing it again 
will make sure that it’ll be OK to extrapolate your findings to any two masses. 

^I^arpen your pencil_ 

Here are the results of your experiment. We’ve annotated the diagram with all of the relevant details 
like labelling which light gate is which, and the length of the pieces of card (10 cm). Be careful with the 
direction that each velocity is in! 

Fill in the missing boxes in the table, and use the space below to write down any patterns you see. 


An experiment 
skows you wkat 
kappens to one 
quantity wken 
you vary anotker 
quantity. 
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rpen your pencil 
Solution 


Here are the results of your experiment. We’ve annotated the diagram with all of the relevant details like labelling 
which light gate is which. Note: The pieces of card on the vehicles are 10 cm long. 

Fill in the missing boxes in the table, and use the space below to write down any patterns you see. 


Mass 1 (kg) Mass 2 (kg) LG 1 time (s) 


LG 2 time (s) 


Ax 

Velocity 1 =-^ (m/s) 


Ax 

Velocity 2 = (m/s) 


0.150 


0.150 


0.19 


0.20 


• 0.10 

0.19 


=-0.53 (2 sd) 


0.10 

0.20 




0.50 (2 sd) 


0.150 


0.300 


0.17 


0.35 


-O.IO 

olT 


-0^°[ (1 sd) 


O.lO 

03? 




OX°{ Cl sd) 


0.150 


0.450 


0.16 


0.48 


•O.lO 

oTT 


- ⑽ sd) 


識 HI (Z sd) 


0.300 


0.150 


0.34 


0.17 


-O.lO 

0?A 




一 o.ma) 


O.lO 

oTT 




0^°[ (1 sd) 


0.300 


0.300 


0.27 


0.26 


O.ll 


-037 (1 sd) 


O.lO 


二 o.ze a sd) 


0.300 


0.450 


0.25 


0.38 




-0.^-0 (1 sd) 


O.lO 


Q.Vb (1 sd) 


0.450 


0.150 


0.47 


0.16 


O . 午 7 


■O.ZI (Z sd) 


O.lO 

~oir 


二 OM (Z sd) 


0.450 


0.300 


0.37 


0.25 


on 


-O.ll Cl sd) 


O.lO 

~oS 




oAo (1 sd) 


0.450 


0.450 


0.34 


0.33 


-O.lO 

O.M 7 




一 0.2/} sd) 


O.lO 

03Z 


- 030 (1 sd) 


l/Vhc 灼 masses a\rc -the same ； 


^ v i.g. same siz^ 一 

-the velocities a\rc v-ou^Uy same ma^i*tuac. 3^0-thcV word -jrov* sizjc. 


masses a\rc sdme bu*t bo-til heaviev- *tha^ a^o*thc\r -tv-ial, vclodi*tics av-c smaller. 



The s'i 2 lc o( m mass x. yclodi-ty. is ihc sa^c .-fo\r. bp-jt,!). ycb!^! csj . wKcthcy ： .the masses avic .ihc. same. ox. y\o 




mass x velocity is always tke same size 
lor Lotk vekicles in any one trial. 


Por /七 y/o\rV"Y i*f didr\ 七 
spot tWis last It’s 

more -bo see 

*b^c o-t^cv-s. 
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I looked really hard for the pattern 
but didn’t spot it. Is that OK? 

If you spotted that when the mass of 
the vehicle is smaller its velocity is larger 
(as long as the other vehicle still has the 
same mass) then that’s the main thing. 
Spotting that mass x velocity always has the 
same value was the bonus. 

So if I hadn’t kept one vehicle’s 
mass constant, I might not have spotted 
the pattern for the other vehicle so 
clearly? 

That’s right. Before you started actually 
doing your experiment, you worked out what 
things you are able to vary. Then you made 
sure that you varied only one thing at a time. 

Keeping the mass of one of the vehicles 
constant enabled you to see the effect that 
varying the other vehicle's mass had. You 
were able to spot the pattern because you 
only changed one variable at a time. 

Q/ So I should turn all but one of the 
variables into constants for each trial 
- each set of measurements - that I make? 

Precisely - just like you did in this 
experiment. Your first set of trials were 
for one mass of ‘cannon’ vehicle and your 
second set of trials for another. 


Ckangfe only one 
variable at a time 
anct keep tke otkers 
constant wken you 
do an experiment. 
Tliis kelps you reack 
tetter conclusions. 



And that was so I didn’t 
inadvertently draw conclusions from 
just one set of trials, when the results 
might have looked different for a different 
'cannon 5 vehicle mass? 


You got it! 


Why are we using a ‘cannon’ 
vehicle and measuring its velocity in 
the first place? Why not just push the 
( cannonbair vehicle off of a solid wall or 
something? 


So we’re trying to replicate the 
‘big’ scenario the best we can with our 
experiment? 


Yeah, that’s the idea. 


And now I get to use the results to 
come up with an equation that helps to 
work out the difference between firing the 
iron and stone cannonballs? 


You got it! 


Because of the observation that 
cannons recoil. When the cannonball goes 
forward, the cannon rolls backwards - that’s 
why they have wheels! 


Mass x velocity is the same 
size for both of the vehicles, 
but the two velocity vectors point in 
opposite directions. So we should be 
careful with negative signs, right? 


Any time you’re dealing with 
vectors, think about signs! 

When you filled in your table of 
experimental results, you were 
talking about velocity, not speed. So 
each velocity should have a sign 
corresponding to the direction the 
vehicle is going in. 

So far we’ve been saying that both 
vehicles have the same size of 
mass x velocity. But you’re right, the 
direction of the vectors is about to 
become really important... 
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total momentum is conserved 


To*t3l momentum — 0 

Mass x velocity - momentum - is conserved (▲” 


From your experiment, you’ve worked out that 
when you push two objects apart, they end 
up with the same size of mass x velocity. The 
name given to mass X velocity is momentum. 
Momentum is given the symbol p. 

An object’s momentum is a vector that points 
in the same direction as its velocity vector. Your 
experiment has told you that momentum is 
conserved in this interaction when two things 
are pushed apart, as the total momentum is the 
same both before and after. 

Mass is measured in kg and velocity in m/s. 

This means that momentum has units of kg.m/s 
The - between ‘kg’ and c m’ means 'multiplied by’ 
The - helps to reduce confusion by keeping the 
‘kg’ and the c m’ distinct 

Tke total momentuni is 
conserved in any interaction 
between diHerent objects. 





Total w\or»\C^*tum — 0 
ved-tov-s add h> zjcv-o). 


At the start of your experiment, the total momentum of 
the system is zero, as nothing’s moving at all. Once the 
vehicles have been pushed apart, the total momentum of 
the system is still zero, as the two equally-sized momentum 
vectors point in opposite directions and cancel when 
you add them 'nose to tail’. 

Momentum is always conserved in any interaction 
between two (or more) objects. 


How can you say momentum is 
conserved? At the start, the vehicles 
don’t have any momentum - they’re 
sitting still. After they’re pushed apart, 
they’re moving, so they both have 
momentum. 

If you just think about each vehicle 
individually, then you’re right - at the start 
they have no momentum and at the end 
they do. 

But when you add up the total momentum 
of all the individual objects involved in the 
experiment, then it’s the same both before 
and after the interaction 



But I thought we said before that 
mass x velocity is the same for both 
vehicles once they’re pushed apart. How 
can two things that are the same be zero 
when they’re added together? 

We said that the size of 
mass x velocity is the same for both vehicles. 
But as they’re traveling away from each 
other in opposite directions, their velocity 
vectors - and momentum vectors - point in 
opposite directions. 

Momentum 
is a vector! 


So when I add together two vectors 
that are the same size but point in 
opposite directions, the answer is zero? 

Yes, that’s right. Vectors add ‘nose-to 
tail’. When you line up two vectors that 
are the same size and point in opposite 
directions, you end up where you started so 
the answer is zero. 

So now I’ve got my head around 
momentum conservation, do I get to play 
with equations to try and solve the stone 
cannonball problem? 

Absolutely! 
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momentum conservaf/ofi 


Hey, not so fast! Weren't we going to 
try some different springs as well? The 
results might work out differently. 


Good point - you need to work out what 
happens when the force is different 

When you were designing the experiment, you 
realized that there are three things you can vary - the 
mass of vehicle 1 ， the mass of vehicle 2 and the 
strength of the spring that pushes them apart. 

To make your experiment complete, you’d usually 
have to repeat it with a couple of different springs. 

But this time around, you’re going to use your physics 
intuition to predict what would happen if you used a 
stronger spring ... 





BE . 

Your job is to he tire e^eriment you’ve 
just been doin^, and imagine wht will 
h^pen if you use an even stronger 
Spring to push tire two yeliicles 
afart. How will tire increased 
strength of spring affect mss x 
velocity for {he yeMcles? 


0\d sp\r*mj 
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greater force = greater change 



BE . 听 傘如卜 §0lUl!0]^ 

Your job is to be the experiment you’ve 
just been doing, and imagine whk will 
hafpen if you use an even stronger 
Spring to push tire two yeliicles 
冲 art. How will tire increased 
strengdi of spring affect mss x 
velocity for tire yeMcles? 


A ftro^cy ； sp|ri^g will fush -the *two ychidcs apa\r*t a 

^pytt : So i-tll have a bigger oy\ *tlic yclo^ity c4 - ca^ 
vehicle. I *tWmk will ftill be ^o^sev-ved but "tiic 

mass % velocity -foy- ychidc will be bigjcv-, as *tiicy v/cv-c 
pushed wi*th 3 big^cv- -fo\r^c- 


Pusliing witli 
a greater iorce 
lor tke same 
amount oi 
time, leads to a 
greater ckange 
in momentum. 


A greater force acting over the same amount 
of time gives a greater change in momentum 


If you use a stronger spring, 
you increase the force that 
pushes the two vehicles apart. 
If you apply this larger force 
for the same time that you 
were applying the smaller 
force, it leads to a greater 
change of momentum for 
each vehicle. If both vehicles 
are still the same mass, their 
velocities will both be larger 
than before. 



Small force, smaller change in momentum 
(when force is applied for the same time). 



Velocities av-c lavjcv- bc-fov-c. 


BOING 


★ 





m. 


But because of momentum 
conservation, the total momentum 
is still equal to zero, even though each 
individual vehicle has more momentum 
than it did previously. 


Larger force, larger change in momentum 
(when force is applied for the same time). 


Eadh vehicle has a lav-^cv- dha 哼 
m *thar> bc+oV-C, bu*t 

TOTAL- rnomc^ium is still z^\ro. 





► 
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momentum conservaf/ofi 


Write momentum cowservatiow as m equation 

The symbol for momentum is p, so you can write the equation p = mv 
(momentum = mass X velocity). 

When you’re dealing with more than one object, you’ll typically see subscripts to 
make it clear which object you’re talking about. So vehicle 1 has mass m v velocity 
v p and momentum p r Vehicle 2 has mass m v velocity v 2 , and momentum p 2 . 


The total momentum is always p 


total 


P + P 2 


this is what’s conserved. 


not dhravm m 
sp\r'm^ this *to make 
whaVs oy \ with the 
vehicles a bi 七 dlcav-cv-. 


At the start 


Pt 

Pt 


otal 


otal 


Pl + P 2 
0 


At the start of your experiment, v 1 and v 9 are both 0, therefore 
p and p 9 are both zero so p 


total 


0. 


v 1 = 0 
Pi = 0 




m. 


v 2 = 0 

p 2 = 0 



At the end 


total 


Pi + P 2 


Tke total 


momentum is 
tke same teiore 
and after. 


At the end of your experiment, the massive vehicle is moving 
slowly to the left, and the less massive vehicle is moving more 
quickly to the right. p total is still 0, as momentum is conserved. 



The symbol -Pov 
is P 


P total 

p p ㈣二 0, as *tKc momentum 

1 ^ add bo z^v-o 

I'me up v\ost bo tail 

个 

This is iev-o because -the 

You can also write the equation this way, which will be very "total was 

useful for working with masses and velocities: o a 七 


total 




m 2 v 2 




had a di*f*fe\re»vt value 
at the s-ta\rt, that value 
v/ould be licvc ms-tcad- 
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momentum conservation 



If the total momentum is conserved 
in any interaction, does that mean 
that when two things interact, they both 
experience the same size of force? 



丁 is a 
la>/ boo — you II 
meet 七 ha 七 la*tc\r. 


Momentum cowscrvatiow and 
Ncwtow's Third Law are equivalent 



Newton’s Third Law says that if you push something, 
it pushes back at you with an equal size of force in 
the opposite direction. 


Imagine that instead of being separate, the spring is attached 
to the left hand vehicle, so the left hand vehicle ‘pushes’ the 
right hand vehicle. Then imagine that the spring is attached to 
the right hand vehicle, so that it ‘pushes’ the left-hand vehicle. 


In any interaction 
between two 


It actually doesn’t make any difference which vehicle is “doing 
the pushing” - they still move apart in the same way. The size 
of each vehicle’s change in momentum is the same, though 
their momentum vectors point in opposite directions. So both 
vehicles must have experienced the same size of force for 
the same amount of time, though in opposite directions. 
This is the case whichever vehicle you think of as “doing the 
pushing”. Both vehicles experience the same size of force, but 
in opposite directions, as a result of their interaction. 


objects, tkey Lotk 


experience tke 
same size oi iorce ， 


Lut in opposite 
directions. 







The sanr»C siiC o( -fovdc 
applied -fov- the same 
ti 啪 e leads -to 七 he same 
\y\ rworwCh'turw 



Both vehicles the same 

of -Pov-dc, but m opposite DIRECTIONS. 



Newton’s third law and momentum conservation mean that the 
cannon and cannonball exert the same force on each other 
when the cannon is fired. So the change in the cannonball’s 
momentum is the same size as the change in the cannon’s 
momentum. These changes in momentum happen in opposite 
directions, as the force that the cannon exerts on the 
cannonball is in the opposite direction from the force that the 
cannonball exerts on the cannon. 




Tke same iorce 
applied lor tke 
same amount 
oi time always 
produces tke 
same ckange in 
momentum. 
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momentum conservaf/ofi 


Not so fast! What if the cannon was 
attached to the ground? The cannonball would go 
forwards but the cannon wouldn’t go backwards. So 
afterwards, the cannonball would have momentum but the 
cannon wouldn’t, so momentum isn't conserved! 


O 


If the cannon’s attached to the ground, 
you make the EARTH move backwards! 

Momentum is always conserved in interactions 
between two or more objects. If the cannon exerts a 
\ force on the cannonball, then the cannonball exerts an 
equal-sized force on the cannon in the opposite direction. 

TiVis is s If the cannon is on wheels, this force makes it recoil 

TKivd Ldv/. and roll backwards. But if the cannon is attached to the 

earth, then the whole earth experiences the force from 
the cannonball! Since momentum is conserved, the 
earth must recoil backwards - but because the earth is 
so massive, its recoil velocity is incredibly small. You can 
work out how small it is ... 



m T\\t S • 呼 s - R - Ws 
y/cksi*bc doesn't 
"its mass, bu 七 I 七 
like iVs av-our^d I 

The cannonball has a velocity of 90.0 m/s and a mass of around 1 kg. ^ 一 〆 
The earth's mass is 5.97 x 10 24 kg. ^ - W you a 

Why don’t you notice the earth recoiling like this? … 

tu\rr> {jo dhaptev- 


^hdrpen your pencil 


Use momentum conservation to work out the approximate velocity that the 
earth would 'recoil'with if the cannon is firmly attached to it when it is fired. 


Rcmcmbcv- *to s*ta\rt with a labelled skctdhf 
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momentum is conserved 



rpen your pencil 
Solution 


Use momentum conservation to work out the approximate velocity that the 
earth would 'recoil'with if the cannon is firmly attached to it when it is fired. 

The cannonball has a velocity of 90.0 m/s and a mass of around 1 kg. 

The earth’s mass is 5.97 x 10 24 kg. 

Why don’t you usually notice the earth recoiling like this? 

To-tal momentum o-f 灼 ball a 七 s*ta\rt — O 

To-tal momentum o-f 匕 灼 ball -fiv'mj — O 

(momentum ^o^scv-va*tioir\) 


v, + *v z 


o 


*to ki^ov/ so \rca\r\ra^jc 



mV 


TKc Barits vclotrty is 
r^c^a-twc, as I*t moves ’m 七 he 
opposite d'iv-cd*tioir\ *to 
ddvmo 灼 ball. 


•*Vz 


' 二 x IO z ^ kj 

:? 


V 



- (I MO) 

x 10^ 

m/s (I sd) 





The ed\rth’s \rc^oil vclodi*ty is around I X IO - 23 m/s m 七 he 
opposi*tc di\rc^*tioir\ *to ^d^o^ball ； s vclodi*ty* F :：、 _ 


Rcrwcrwbcv- -fco d\rdv/ 3 Idbelled 
skc-Uh, so thai its easy -Pov- you 
(and youir c^arw'mcir) {jo y/ovk oui 
what rw j； t{t airc. 


You do/ 七的 o*ti 以 *tiVis bcdausc i*t would *tdke Br\ m^v-cdlibly 
lemg *timc *to *tvavcl a^y noticeable dis*ta^dc a*t *tiVis vclodi-ty! 


Tins ar\sv/cv should or\ly 
be ^uo*tcd *to I sd as "tiic 
乙 armor>ball’s mass is listed 
3s ^dvour^d I k^/ so lids I sd. 


Momentum is always conserved, 
even when it doesn’t look like it is? 

That’s right - it’s easy to see a cannon 
recoil. But impossible to see the earth recoil! 



When am I allowed to use 
momentum conservation? 

Any time two (or more) objects interact, 
momentum is conserved, so you can say 
Pbefore = P after - As long as you keep track of 
which mass and velocity is which, you’re fine. 


So I guess I can use the same type 
of calculation to work out what happens 
with the stone cannonball? 

Yes ■ momentum conservation is the 
vital key to working out what happens there. 
Speaking of which... 
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momentum conservaf/ofi 



Sorwctirwcs you da 灼 
do -this us'm^ By\ 
C^pCV-irwCh-t (like 
liCV-c)- SorwctirwCS 
you’ll t\ttA "to "Uimk 
xhiroujh assumpticms 
us'mj y/oirds, ^\rdf>hs 
o\r e'uaticms. 


So, does the cannon exert the 
same force on the stone cannonball 
as it exerts on the iron cannonball? 


Test out any assumptions you have 

If the cannon exerts the same force for the same 
amount of time on the stone cannonball as it does on 
the iron cannonball, the change in momentum would 
be the same for both cannonballs. 

But right now this is an assumption, as the cannon 
may not always exert the same force for the same 
amount of time. 

To investigate this further, you can revisit the 
experiment you did earlier... 


i^^arpen your pencil 



The same size of force applied for the same amount of time always leads to the same change in momentum. 

Therefore, if a spring pushing two vehicles apart always exerts the same force on both vehicles for the same 
amount of time, then each individual vehicle will experience the same change in momentum every time you do 
the experiment. 

a. The table below is taken from your experiment a few pages ago, where you pushed two vehicles of varying 
masses apart with the same spring. Complete the table to show the change in momentum for each vehicle. 


Mass 1 
(kg) 

Mass 2 
(kg) 

Velocity 1 
(m/s) 

Velocity 2 
(m/s) 

Change in momentum 1 

P 1 = m 1 v 1 (kg.m/s) 

Change in momentum 2 

P 1 = m 1 v 1 (kg.m/s) 

0.450 

0.150 

-0.21 

0.63 

0.450 x -0.21 = 0.094 (2 sd) 


0.450 

0.300 

-0.27 

0.40 



0.450 

0.450 

-0.29 

0.30 




b. Is the change in momentum of a single vehicle always the same in each trial of the experiment? 


c. Try to think of reasons to explain the result you described in part b. Does this have implications for the iron and 
stone cannonballs, which are fired separately and have different masses? 
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more solutions 



The same size of force applied for the same amount of time always leads to the same change in momentum. 

Therefore, if a spring pushing two vehicles apart always exerts the same force on both vehicles for the same 
amount of time, then each individual vehicle will experience the same change in momentum every time you do 
the experiment. 

a. The table below is taken from your experiment a few pages ago, where you pushed two vehicles of varying 
masses apart with the same spring. Complete the table to show the change in momentum for each vehicle. 


Mass 1 
(kg) 

Mass 2 
(kg) 

Velocity 1 
(m/s) 

Velocity 2 
(m/s) 

Change in momentum 1 

P 1 = m 1 v 1 (kg.m/s) 

Change in momentum 2 

P 1 = m 1 v 1 (kg.m/s) 

0.450 

0.150 

-0.21 

0.63 

0.450 x -0.21 = 0.094 (2 sd) 

O.l^O x O.bl - 0.0°[^ (X sd) 

0.450 

0.300 

-0.27 

0.40 

OA^O x - OX! 二 O.IZ (1 sd) 

O.lOO X OAO - O.IZ (1 sd) 

0.450 

0.450 

-0.29 

0.30 

OA^O x - 0.2 /} 二 O.IZ (1 sd) 

OA^O X o.zo - OH (l sd) 


b. Is the change in momentum of a single vehicle always the same in each trial of the experiment? 

bio, \y\ momentum is^*t same- |*t seems *to la\rjc\r as masses o-f vehicles la\rgc\r. 


c. Try to think of reasons to explain the result you described in part b. Does this have implications for the iron 
and stone cannonballs, which are fired separately and have different masses? 
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The m momentum is only -the oy\ d\((crCY\{, 

o^ddsio^s i-f same ^oYCt is -fo\r same -time- 



Chapter 10 


As the masses of -the vehicles yt lavjcv-, the 
m mdvcascs. The lavjcv- d vchidl^s mdss^ -the 

mo\rc 乙 ul 七 i*t is *to vehicle JomJ. 

So maybe vehicles wi*th lav-jev- masses 
spend move *timc m dcm*td 匕七 *tiiC 

so -fo\r^c is^*t dff>liedl ovc\r -the 


The Woy\ 匕 d^mcmbdll hds d la\rjc\r 
mdss 七 ha 灼 -the S*toi^C dd^o^bdll- 
This *tha*t i*t’s mo\rc 
di*f*fi6ul 七 *to i*t jomj. So i*t 
may s^CY\d B loi^JCV- *timc mside 
*thc cir\d up with a 

IdV-JCV" momentum. 


If the force is different every 
time, how are we supposed to 
solve the problem?! 


You can use momentum conservation 

You’re allowed to do horizontal test firings. Although 
we didn’t see any point in this before, as we can’t 
measure the cannonball’s velocity or displacement, 
we can measure things ON the ship. 

This means we can measure the cannon’s velocity for 
firing the iron cannonball, and the cannon’s velocity 
for firing the stone cannonball. 

Then we can use what we’ve learned about 
momentum conseervation to put the pieces together ... 














momentum conservaf/ofi 


Yaar, we can test-fire the cannon 
- as long as we aim it horizontally and 
away from the ghost ship! 



rpen your pencil 



- TV’s is -the value givers (or 

this pa\rtidula\r Urmcm av\d 
匕 d^mohbdll oh -the v/cbsi-tc- 

Here are the results of two horizontal test firings, where the cannon’s recoil 
velocity was measured. 

Iron cannonball: Cannon velocity = 0.126 m/s, Cannonball velocity = 90.0 m/s 
Stone cannonball: Cannon velocity = 0.063 m/s 

The only other fact you know is that the mass of the iron cannonball is four 
times the mass of the stone cannonball. If you knew the mass of the cannon 
you’d be fine, but it's far too heavy to measure using scales. But there’s another 
way to measure the mass of the cannon... 

a. Use momentum conservation to calculate m c the mass of the cannon, in 
terms of m. the mass of the iron cannonball. 


You be able to give youv- 
olr>sy/cv 3 s jus*t 3 ^urwbc\r. You\r 
a^sy/cir y/ill look sorwctlimg like 
' 二午 00, y/hidh would tell you 
that the darmcm has 午 00 times 

nr»ass 七 he \^TOY\ darmonball. 



By i\\t v/ay, *BVis is / 七 

i\)t Corytci a ⑽讓 , rt’s 

jus 七 a” example o-f y/iia 七 

a 於 ar\sy/cv- y/ould look likef 


b. Use momentum conservation and your answer from part a. to calculate the velocity of the 
stone cannonball. The stone cannonball’s mass is a quarter of the mass of the iron cannonball. 



Dor / 七 v/oiriry about 

dakulatmj -the v-a^gc yc-t 

- you’ll do ihai 
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try your variables 


c^Jharpen your pencil 

Solution 


Iron cannonball: Cannon velocity = 0.126 m/s, Cannonball velocity = 90.0 m/s 
Stone cannonball: Cannon velocity = 0.063 m/s. 


a. Use momentum conservation to calculate m 

c 

the mass of the cannon, in terms of m. the mass 
of the iron cannonball. 


v 


|\ro 的 

.0.1 Z 么 m/s^ 一 ^ 

P 二 r»\ V + r»\ V 


? 


b. Use momentum conservation and your answer 
from part a. to calculate the velocity of the stone 
cannonball. The stone cannonball’s mass is a 
quarter of the mass of the iron cannonball. 

S*fcoir\c 乙 dxmo 灼 ball 

" - m 二 t 二 


0 


V — ^)0 0 m/s 


O 


v 


m V 


Sometimes you’ll 
be asked h> do 
d p\roblcm y/hc\rc 
you\r (\Y\d\ a^sv/cv" 
isir/*b a ^umbev-. 
Thai's 0^ 

Do 灼 ’ 七 put u 灼 rts 
OY\ ar>sv/c\r like 
"this. The u^i-ts o( 
' will depend ov\ 

■the U^its -that rw 
is medsu\red m. 


•mV 

i i 

-mV 
-i 
v 

L 


A 


X 价 


"m (Z sd) 


-O.O^ m/s 

一 一 mV + m V — 0 

■ ►乙 

You dotr/*t know d£.*budl V^luCS 
-fov a^y o-f the masses - but 
■the *bc\rms \y\ -the momentum 

toY\St^Bhoy\ e'ud*tio 的 all 

w\C^"tioir\ masses. 

Make subs*ti*tu*tio^s -fo\r m d^d 

-7I^Vv 

O.VyL 


m V 


V 


^ v — ? m/s l*f you know wha*t 

all the masses av-c 
v-cla*bivc -to cadh 
o*thc\r, -fov 
'm *tcv-ms o( all 
o( mass m 
youv c^uatio^ will 
divide out ^a^dcl- 


•m V 

t t 

-m v 
m 


m m 


v 



Even though we didn't know the 
masses of the cannonballs, we could still do 
the question because the masses we didn’t 
know divided out and cancelled. 



v 


v 


一 71 午 x UOM) 

- azi 

1^0 m/s (Z sd) 



Try the variables from your sketch 
in equations to see what happens 

Often, you won’t know how a problem’s 
going to work out until you start writing down 
equations and playing with them. 

So don’t get stressed if you don’t know many 
values at the start. Do your sketch, write down 
everything you know, and jot down how you’d 
do the problem and which equation(s) you’d use. 

Then play with the equations! You’ll often find 
that variables cancel and the equation simplifies 
down to a calculation you’re able to do. 


II you cfon’t know 
values lor tke 
variables you’re 
working witlt ， 
play witli tke 
equations. Some 
ol tke variables 
may ctivicte out 
and cancel. 
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momentum conservaf/ofi 


You've calculated the stowc cawwowball’s velocity 

Although the cannon doesn’t always exert the same force on 
a cannonball, momentum is always conserved on every 
occasion that the cannon is fired. 


ft t 


You’ve just used momentum conservation twice. The first 
time was for firing the iron cannonball, which allowed you 
to calculate the mass of the cannon. The second time was 
for the stone cannonball, which allowed you to calculate the 
velocity of the stone cannonball: 180 m/s. 


0 


Thafs great and all, but 
we want to know the range 
of the stone cannonball. 


Momentum conservation 
allows you to calculate 
masses or velocities tkat 
you don’t alreacty know. 



tt t 


but you want the new range! 

You already know that you can work out the 
cannonballs’ range if you know its velocity - you 
already did that for the iron cannonball. 

But that was a long, involved calculation which took 
you quite a while. 
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G sd) 


耐二一灿 I 士,切加 -— 设 
^ ■ / / Vn 
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灼 ball’s 


i a 二 # / w ? is 卜 : e 


二 


二一|弓.厶 


- i.ie s (i sa) 




. k d ㈣ e , 十一一 f 切一 
v =. ee.t ms - 1 七二； .18 s v △ 七 




Ko attelev-ation itt 
hovizjon-tal divetW. 


一乂 0 : 


△ 乂二 vA 七二视 x ^ l « - m ^ sd) 

The va 呼 0 ( He tawov>ball ^ived at 10 is 
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proportion 



Wouldn't it be dreamy if you could work 
out the new range without having to redo the 
whole calculation all over again with different 
numbers. But I know it's just a fantasy... 




You used 
subsdv-ipts *to 
kccf 

o-r whidh 

is 

whidiv 


Use proportion to work 
out the new range 

Your earlier calculation to work out the range of 
the iron cannonball had three parts: 

Part a: Work out the vertical and horizontal 
components of the initial velocity, v Qv and v() h . 

Part b: Use the vertical component and the 

equation v' = v Qv + a ^ to work out the time the 
cannonball is in the air for. 

Part c: Use the horizontal component 

and the equation Ax h = v Q1 to work out the 
cannonball’s horizontal displacement in that time. 

You’ve calculated that the stone cannonball’s 
initial velocity v Q is two times greater than the 
iron cannonballs’ velocity. 

So rather than doing the entire calculation 
again with a different value for v Q , you can use 
proportion to work out the new range ... 
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look for similarities 


(parpen your pencil 

Solution 


a. If the initial velocity is 2 times greater than before, how 
many times greater are its horizontal and vertical components? 



|\r 。灼 匕 dirmo 灼 ball 


S"fcoir\C dd^O)r\bdll 


V 


Ov 


The d^lc is still -the so 
*thcyVc similav -tvia^lcs. l-f 
ov\t side is *two times loi^jcv-, 
o*thc\r sides a\rc 'boo. 

Bo*th domfem ⑼ *ts a\rc Z *ti«^cs 
5\rca*tc\r bc-fo\rc- 


b. The vertical component of the velocity is used in the equation 
v v = v 0v + a v f to work out the time in the air. How many times 
greater is the time in the air with the new cannonball? 

Both av\d a\rc Z -times la\rjc\r. V^/\\tY\ you \rca\r\ra1r\5c -the 
c^uatio^ *to say w *t — sometiVn^’’ i 七 becomes "t — V v - V 0v 



d 


W\\tY\ youVc addmj o\r sub*brad*tmg 匕 h you a\rc bc-fo\rc you 

divide by a ) and -the ir\ur»\bc\rs youVc dedlm^ y/i*th bedome *tv/o 
•times lav-jev-, you\r a^sy/cv- also bedomes *two tiw'CS la\rjc\r. 

c. The horizontal component of the velocity and the time in the 
air are used in the equation Ax h = v h Af to work out the range. 
How many times greater is the range with the new cannonball? 

*t a\rc Z hr/\ts yeatev- bc-fov-c- 

As *tiicyVc mul*tiplicdl *toytlie\r *to jive 七 his med^s 七 ha 七 

A' is 午 times ^vca*tc\r 七 h 扣 bc-fo\rc, as 2> x 上二 午 . 

d. The range of the iron cannonball fired at 10° is 282 m. 

What is the range of the stone cannonball when it’s fired at 10°? 

New \rair^e is 午 "times ^\rca*tc\r *tha^ old \ra^JC. 

Kcv/ 二午 x 2-^2 - — ll?>0 m Ci sd) 


tJiereicire no ^ 

Dumb Questions 

What’s the ‘similar triangles’ thing 
again? It rings a bell... 

If two triangles have identical angles, 
then the ratios of their sides are equal. You 
used that before to work out sin, cos, and tan. 

Here, if you make the velocity two times larger, 
then the whole triangle also becomes two 
times larger - as do the components. 


^ Q; 


Oh yeah. But what’s this bit about 
adding rather than multiplying v v and v 0v ? 


A 


I The rearranged equation is t 


V v 。 

a 


Since v 0v = -v v (they have the same size but 
are in opposite directions), the bit on top of the 
fraction is 2 times greater than it was before. 
And since a is constant, t is also 2 times 
greater than before. 

What about part c? 

That equation is Ax h = v h Af_ You’re 
now dealing with the horizontal component 
of the velocity, v h , which is two times greater 
than before. And the time, t, is also two times 
greater than before. So the term vAf is four 
times greater, as 2x2 = 4. 


Using proportion to 
work out tke answer 
to a question tliat’s 
similar to one you 
already diet can te a 
good skortcut. 
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momentum conservaf/ofi 


rm not too sure about the proportion thing. 

Is it OK if I do the calculation with numbers like 
I did for the other cannonball, to check ifs OK? 



O 


If you can see a way you understand 
that works for you, then go for it! 

Although it’s quicker to do this question using 
proportion, if you can see a different (albeit longer) 
way of doing it that you know you definitely 
understand, then go for it! 

Some exam-style questions do ask you proportion 
questions like “what would happen to the maximum 
height if the velocity was doubled ?”一 we’ll look at 
some questions like that in a later chapter. 


You solved the pirates' problem! 



The Sieges-R-Us hype is justified! The vertical component of the stone 
cannonball’s velocity is two times greater than for the iron cannonball, so 
the time in the air is two times greater as well. If the horizontal component 
of the velocity was the same for both cannonballs, then the stone cannonball 
would go two times as far (as it’s in the air for two times as long). 


But the horizontal component of the stone cannonball’s velocity is also 
two times greater than the horizontal component of the iron cannonballs’ 
velocity. So the stone cannonball’s range is a massive four times further 
than the iron cannonball’s! 


S*boi^C ^d^oi^bdll 

二 11^0 



So the ghost ship has to stay 4 x 282 m = 1130 m away - where 
it doesn’t cause problems any more. Another job well done! 


you are here ► 


433 












Question Clmic: The "Proportion" Question (often multiple choice) 




You will sometimes come across questions, especially in a 
multiple choice exam, which don’t give you numerical values. Instead they 
may say that something is 'three times the mass* or has 'double the momentum* 
of something else. These are designed to test your understanding of the 
physics, rather than your ability to press buttons on a calculator. 



S*t3\rt with a skdh’ 
you’ll spot 

■that *this <^ucs*tio^ 3 

is dbou*b momentum 
to^sc\rva*tio^. ^ - 



m 匕 ^- l/V\riic v/hat you 

I ?〉 know oq youir sketch. 



tells you 七 hat vou tav\ 
t "the CTrcd*t or -Pvidtio^. 


2. An 


_ The child has 
The child pushes 


are on an 连 




a. v 


The 乙 hi Id hds 3 lov/cv* n\Sss, 
so i*t will -fas-tev 灼 the 

adult they push y/i-th 

■the same -fov-dc- So you 乙 3 灼 

already climmatc a^y a^swev- 

whc\rc the dhild is jomj 
slowcv *bha^ *thc adul*t> ov- a*t 
ihc same speed- 


C_ 


e. 


o J 


TKc dduli dr^d dKild *tKc same (orU (or same amour> c 

(Ncv/Ws IrA Lav/). So mass x vclo 6 ty should Kavc same W 
adult ad 如 dKild. As tKild is a -tKivd ok tKc mass o+ tKc adult, the 
Midi's vclot'i-ty y^ccds *to be tWcc times yeat 饮七 ^ 七 he adult s vdodrb/. 


The 'proportion* question may look like ifs from 
a weird* part of physics - for instance a question about an 
atomic nucleus that splits into two parts. The key is to see past the 
story - start with a sketch - what is it like? When you do this, you’ll 
realize that ifs the same as two things being pushed apart and 
you can use momentum conservation to solve the problem. 


,imC 


Vis -bells you 
: ’s a pv-ofoV*tio\r\ 
VuCS*bior\, so dor\ *b 
jov-vy aboiA*b y \ o {, 
Cr\oy/nr\J values. 

l/clodi-ty is a 
ved-tov-, but 
"this ^ucs-tio^ 
cmly v/a^-ts 
the siic, y\o{, 
"the diircd-tio^. 


0 



K 

































momentum conservaf/ofi 



e amount of £ stufr that something is made from. 



Momentum 

conservation 


Momentum is mass x velocity. When two (or more) 
objects interact, the total momentum is the same 
both before and after. 



Force 



Newton’s 

Laws 


Something that causes a change in an object’s 
momentum，for example a push or a pull (though 
there are also other types of forces). 

Three laws that tell you how objects move in the 
presence (or absence) of forces. 
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physics toolbox 




Your Physics Toolbox 


You’ve got Chapter 10 under your belt and 
added some problem-solving skills to your 
ever-expanding toolbox. 


VavY ot\t 七 W»”5 at a fcw'C 

YouVe dom 5 e^ev-We^, you sKowtd 
o^Vj vary oy\c 从 … a*b a 七 “ 

TW,s 多 械“⑽少 以山 

诎 aUas caused r rcsults 

-tv^a-t you observe. 

Norton’s Is 七 la>M 

f[Y\ object do^tmucs y/i*t^ **U 
duvve^t vclodrbv unless it s 
BtLcd ov\ by d -rovdc* 

I 朽 everyday Amy appeav 

*to slo>/ dov /朽 as ^ 3 sscs, 

but because <>f i\\t 
^pyrtt 心此 ow 

Pvo^o\rt»oir\ 

|-f you have c«\uat»o^, you 
y/ovk out Aa*t -to *b^c a 吣 >/ev* 

you ^c*t **f you dV>a^ 5 c 

variables by a dertam amount (e. 3 .， 

dioublm ^； *tvif 1^3 or V^alvm^ rt)- 

you've aWtad^ used i\\t c<\ua*tio^, 
tWis be -fas-tev *t^a^ vedom^ i\\t 
same dal^ulat»o^ y/*»*tK values. 


/l/Jomen 七 um 6oir\SCV'V3 - t» 


on 


mV 


/\/|omC^*tum is m^ss ^ vclodi*ty> f 

Mome^um is a vcd*tov* *b^a*b V^as the same 
aiv-c6tio^ as objedVs vclodity vcdt>r. 

The same -fovdc always dauscs *t^c same 

m momentum 

|-f "bwo (ov* move) objc6*bs m*bcv"3d*t ； 

*to*W momentum is {\\t same both bc-fov-c 
孙 d a-ftev* *m*bcv*a6*tio^. You da^ y/ovk 

out toial momentum by addip *t^c 
mome^-bum vcd*bov-s Vosc-*to-*ba»l. 


Wrv/Ws 3 vd l aw 

吟也 ih M 
a, — “ , u ih 
°PP osi ^ di^tiohs. 

几 is i? di^i dOhSC^uCh^ 

^^vaiio,. As -the 
samc ^ys causes the 
^ hah 9 c ^ a hd 

; is ^se,v cd; ihc, the 
心 0 e ， Heh 心 — 

^ w - ^ 

! mo ， r Ch ^ -the s^ c 
beW ahd a-Piev-. 


Kewto^ 1 
is m dhaftev- Ilf 
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11 Wefgk and the normal ?9rce 



Sometimes you have to make a statement forcefully. 

In this chapter, you’ll work out Newton’s 2nd Law from what you already know about 
momentum conservation to wind up with the key equation, F net = ma. Once you 
combine this with spotting Newton’s 3rd Law force pairs, and drawing free body 
diagrams, you’ll be able to deal with (just about) anything. You’ll also learn about why 
mass and weight aren’t the same thing, and get used to using the normal force to 
support your arguments. 


this is a new chapter 
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weightbotchers on fakebusters 


WcightPotchers are at it again! 


WeightBotchers claim that their new product guarantees 
instant weight loss. It’s been difficult to miss their brash 
advertisements since the campaign launched last week. 


But the TV show FakeBusters doesn’t buy those claims, 
and want you to investigate the details. If you can prove 
that the WeightBotchers machine is a hoax, your work will 
be featured in a special episode in their next series. 




^/Vei 


eightBotchers 








Lose weight 
INSTANTLY!! 
(for only $499) 




Memo 

From: FakeBusters 
Re: WeightBotchers 

We，re planning to include a 10 minute slot 
in our next series looking into the claims 
made by WeightBotchers about their 

latest product. 

If you can bust the fake with physics, we d 
love to have you on our show. 
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weight and the normal force 


Is it really possible to lose weight iwstawtly?! 


Here’s the deal. The machine has a platform at the top with 
some scales on it. When you stand on the scales, they read 
the same number of kilograms as they usually would in your 
bathroom. No surprises there. 

But then the platform you’re standing on suddenly moves 
downwards - and the reading on the scales becomes lower. 
Numbers don’t lie - so if the reading’s gone down then you 
must have lost weight. Right? 


you’re lighter here 
than you were before. 


Just before you reach the bottom of 
the machine, the scales are switched 
off to protect them from the impact 
with the cushioned landing area. 


There must be a trick involved 
somewhere... but what is it? The scales 
don’t look fake and read the same 
number of kilograms as usual when 
they’re not on the machine. 

So maybe it’s something to do with what 



the machine does and how the scales 


Hcv-c, v-cadm^ oy \ 

•bKc stales is {\\t same 

o-P 

as \*t v/ould usually be- 


Platform moves 
down when you 
step on it. 

Reading on scales 
taken here. 



the \readih3 oh -the 
scales is lowcv- it was 
"top o-p "the 


Scales switched 
off here. 

Spring-cushioned 
landing area. 






produce a measurement. 



How do you think the machine works? 

(How do scales actually produce a measurement?) 
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sca/es and springs 


Scales work by compressing 
or strctchiwg a spring 


Some scales work by compressing a spring. If 
you put pieces of fruit on top that are all more 
or less the same size, the spring will compress 
by the same amount each time you add another 
piece. The change in length of the spring is 
converted into a reading in kilograms. 




1 伙 3 七 h makes the 
di^l Jo \rouhd 如 d 

pom-t "to a r^urwbev- 
o( kilo^rarws. 




m 


lcir>5*tK. 




Another type of scales works by stretching a spring. 
This is exactly the same principle as compressing a 
spring, except that you hang an object from the spring 
rather than putting it on top. Again, a change in length is 
converted into a reading in kilograms. 




A spring will 
always compress/ 
stretek ty tke same 
amount lor tke 
same load，to give a 
consistent reacting 


h r^av-kcv- at -the cv\d o( 

七 he sp\rmg pomts -to a sdale 

shov/mg 七 he 匕 uvreivt v/cight 


This loop’s attaAed 
■fco -the tv\d -the 
dhd tBy\ be 
fulled by somctK'mj- 


TV^is tv\d *»s -f ivmly 
a*t*tad^cd bo 


Spy*m^ is *m \\crt- 


I ： 




l^cv- bi*t v/rth loop is 
-from ou*tc\r 
bit wi-tli stale ov\ it 
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weight and the normal force 



If you know HOW 

your measuring 
devices work ，you 
can troutle-skoot 
your experiments 
wken unexpectect 
tilings kappen. 


I*m just trying to get my head around this. 

You stand on the scales - and they read the 
same as they usually would. Then the scales move 
downwards in the machine - and the number of 
kilograms they read goes down too. 



Jim: Yeah, I’m struggling as well. I don’t see how the person’s lost 
weight. It’s not like they were wearing a rucksack full of boulders 
that they suddenly took off, or anything. 

Joe: Maybe it’s something to do with how the scales make their 
measurements. Scales don’t measure the number of kilograms 
directly - scales measure the change in length of a spring. 

Frank: Hmmm. You mean if I put the 
scales against the wall and pushed them 
with my hand, they’d register a number of 
kilograms. Yeah, I can see that. 



Hdr>d fusKcs stales 
七 his \orCt- 

Jim: That’s weird. Kilograms are units of mass, right? Mass is 
the amount of 'stuff 5 something’s made from. But if you push the 
scales sideways like that, the reading depends on the force that you 
push with, not on the amount of stuff your hand’s made from. 

Joe: I guess that’s because the scales don’t really measure kilograms 
directly - they measure the change in the length of the spring. 
And that must depend on the force that the spring’s pushed with. 

Frank: If I’m standing on the scales, I’m kinda pushing down on 
the spring inside them because of gravity. I guess that because of 
gravity，a certain number of kilograms must produce a certain force 
- and a certain change in length of the spring. So the scales always 
assume that you’re standing on them when making a measurement. 


Joe: So if you use the scales differently from how the manufacturer 
intended - by pushing them against the wall, or perhaps by making 
them move down like the WeightBotchers machine does - then you 
get a flakey reading. 


Frank: That sounds plausible - but personally I’d like to get my 
head around how force (which seems to do with pushing) and mass 
(which is to do with the ‘stuff’ you’re made of) are connected ... 
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weight is a force 


Mass is a mcasurcmcwt of "stuff" 


Mass is an indication of how much ‘stuff’ something is 
made from, and is measured in kilograms. Mass is a 
scalar, as ‘stuff’ can’t have a direction - it’s just what’s there. 


Even though the scales indicate otherwise, the person on the 
WeightBotchers machine always has the same mass - it’s not 
like they took off a rucksack or had a haircut halfway down 
and lost a whole lot of matter. 


MASS is kow muck 

” stuH” sometkin^s 
made of* lt\ a scalar, 
tecause f stuH’ ctoesn’t 
Itave a direction. 


Weight is a force 

If you put the scales against the wall, you can exert 
a horizontal force on them by pushing them with 
your hand and compressing the spring. 

Force is a vector because it has direction - the 
direction that you’re pushing the spring in. 



3 -fovdc 

div~c 匕 *tio 灼 dompvcsscs 

•the spv-mj makes 
•the didl 50 



The -fovdc vcd*to\r 
o( -fv-uiVs 
v/cijh*t po'mts 
•this div-cdtio^. 


Although the scales give a reading in kilograms, they actually make 
measurements based on the change in length of the spring. So if 
you put fruit on the scales and the spring’s length changes, there must 
be a force involved. 

The change in length comes about because the spring has to 
counteract the fruit’s weight, which is there because the fruit is in the 
earth’s gravitational field. The fruit’s weight is the force exerted on it 
by the earth’s gravitational pull. You can draw the fruit’s weight as a 
force vector arrow pointing down, towards the center of the earth. 


WEIGHT is tlie FORCE you 

experience as a result ol Leing 
in a gravitational field. 



As weijh-t is a (ovCc, 
■this is a -Pov-^c vcd-to\r. 


On Eartk, your weigkt vector points 
ctown，towards tke center ol tke eartk. 
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weight and the normal force 


But people say things like ''I weigh 60 
kilograms" all the time. How can you say 
that mass and weight are different? 


Mass. Stuff. Scalar. 


Weiglit. Force. Vector. 


Mass and weight are different! 

In everyday speech, people use the words “mass” 
and “weight” like they’re the same thing. But in 
physics we need use these words more carefully. 

If you go to the moon, your mass is the same 
number of kilograms as it is on earth, as you’re 
still made from the same amount of ‘stuff’. 

But weight is the force you experience as a result 
of being in a gravitational field. And as the 
moon’s gravitational field is smaller than the 
earth’s, your weight is less on the moon than it is 
on Earth even though your mass is still the same. 



0 O 



So the scales measure the force it takes 
to compress a spring, then convert the force 
that causes a certain change in spring length into 
kilograms? It sounds like the relationship between 
and weight is really important here. 



You\r nr\dss is -the same ov\ 

3 灼 d "the moort- 






Earth. 


^ A1oor>. 


The way that the scales convert a 
force into a reading in kg is crucial. 

If you stand on the scales on the moon, the 
scales will read the wrong number of kilograms 
- even though your mass hasn’t changed. This is 
because the scales assume you’re on earth when 
they convert the change in length (as a result of 
an applied force) into a reading in kilograms. 

If you can work out the relationship 

between force and mass that the scales use 
to do this conversion, you’ll be able to debunk 
the WeightBotchers machine. 


Weight 
on Earth 


Weight 
on Moon 


^ouv y/ci^*b »s si% 


Fov-dc Mtcbor 
3\tV"oy/. 


\ tiw'cs lavyr ov\ 
cavbii 


oy \ *biiC w\oo\r\ 





Have you seen an equation 
that involves both force and 
mass somewhere before? 
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force and mass 


The relationship betweew force awd mass involves momewtum 


In chapter 10, you figured out that when you apply the same force 
for the same amount of time to any object, you always give it 
the same change in momentum. As long as there are no other 
forces acting on the object, you can write this as an equation: 


广 — = Ap 

C 

^oyu applied 

...(oy 3 period ox *biw\C 


jives d \f\ rworwCh'turw. 


But momentum is mass x velocity. So you can substitute in rrrv 
every time you see a p and rewrite this equation as: 

FAt = A(mv) ⑶七叫 P - 


•Small vclod'rty- 




Lav-^c mass ^ \ Same 

Same \oyu \m v i Pt = m 1 v 1 

applied -fo\r same ■繼 H, 夕 

amount o( time. Small mass ‘ 广 






P 2 = 


m 2 v 2 


Lav-jc velocity. 


This equatiem y/o\rks 

i-P F is 七 he oy\\y (orCc 

adtmg ov\ -the object 


FAt = 



WtYt, v/c ; vc called the 

olojedt I, so i*t has 
nr»ass 、 artel vclodi-ty v. Us'm^ 
hurwbevs \y\ subs£.\rip*ts is 3 
dorwmoh way o( distmjuishmj 
bctv/cc^ objects m physids. 






l/sm^ y\uw\bcv"S m subsfi.vi^'ts 
makes C^at»Oir\S mov-c yir\CV-al. Wic 
tov\A still wvi 七 e do^v\ *bV)C same 
c<\uat»oh, p, - «^v f »-f ^ 

七 1^ clcpiiair\*b (oY' a dutk, 
p n m v y/ould be 

'c c « 


This is Newton’s Second Law. It shows that objects 
with more mass have more inertia, or more resistance to 
changing how they’re currently moving. If you apply the 
same force for the same time to push two different objects, 
the object with the larger mass is more 'resistant to change’ 
and has a smaller change in velocity at the end. 


This c^uatior\ y/ov-ks -Pov- object Wc 
dojr /七 have a spcdi-Pid objed-t'm rrt'md licv-c 
so thcv-c avc r\o subs^v-ip-fcs oy\ "the 


nr» OV~ V 


The equation FA^ = A(mv) gives you a relationship 
between force and mass that you can use to work out 
what’s going on with the WeightBotchers machine. 
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weight and the normal force 


Vewton’s Seconct Law: 

II you apply aj^iorce 

腑 

to any object lor a 
period oi time, tke 
ckange in tke object’s 
momentum always kas 
tke same value* 


But sometimes you push something 
with a force and it stays still. Where’s 
the change in momentum there? 



net 


At 


A(mv) 

/ 1 This \wo\rks -Pov- By\y 的 urwbev* 

o( (ortcs attmj oy\ 七 he object added 
"fcojethev- -to make He ⑽七 (oru, F ^ 


It’s the net force that matters. 

Two people pushing the mouse with equal 
forces in opposite directions looks like this: 




When you add together these force vectors 
by lining them up 'nose to tail’，the overall, 
or net force you end up with is zero. And 
the mouse doesn’t go anywhere, so its 
momentum doesn’t change. 

But if the left-to-right force became larger, 
it would start to ‘overpower’ the right-to-left 
force, and there’d be a net force to the right. 
So the mouse would start moving to the 
right - its momentum would change in the 
direction of the net force. 



^harpei your pencil 


a. After introducing a subscript to make it clear that it is the net force that causes the change in 


momentum, the equation on the opposite page, F net Af = A(/nv) can be rearranged to say F 
Use this equation to work out the units of force. 


net 


A(/nv) 

~KT~ 


b. Your equation contains the term — . Do both m and v change with time while a force is applied? 
(Assume that the situation is one where an elephant or mouse has been pushed with a net force.) 


△f 


~ c. Does your answer to part b give you any ideas about how you might simplify your equation F net = △( mv ) 

出二七 : i/Vha 七 o*tKcv equations 
do you kr^oy/ y/Iicvc d vav-iablc 
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if mass is constant... 


^Jharpen your pencil 

Solution 


a. After introducing a subscript to make it clear that it is the net force that causes the change in 


momentum, the equation on the opposite page, F net Af = A(mv) can be rearranged to say F 
Use this equation to work out the units of force. 


net 


A(/nv) 
Af 


tv3 •— W\/ s 

A(/nv) 

b. Your equation contains the term —— . Do both m and v change with time while a force is applied? 
(Assume that the situation is one where an elephant or mouse has been pushed with a net force.) 

The vclodi-ty bu*t -the mass docs^t 




as mass is dohS*t3rrt. 


c. Does your answer to part b. give you any ideas about how you might simplify your equation F 

You Could *turr\ i*t m*to F =■ i 

Av 

is addclcva*tioy\. So i 七 dould bcComt r ― ma. p ，七 yyy i*f you 

did〆 七 spot this. 


△(mv) 

Af 



If the object's mass is cowstawt F wet 55 m 

Newton’s Second Law says that if you apply a net force to an object 
for a period of time, then its momentum changes. So force is the 
rate of change of the momentum of an object: 


=Rate o-P 

o-P 


Typically, the mass of an object doesn’t change during the time 

that the force is applied. This means that m is constant and only 

Av • 

v changes with time. And you already know that is the rate of 
change of velocity - in other words, the acceleration. 

So you can rewrite Newton’s Second Law as: 


F net = 膽 


Tke iorm oi Newton’s 
Second Law tkat 
you’ll use tke most is ： 


This shows you that the units of force are kg.m/s 2 . However, as this 
is a rather unwieldy unit to write out, physicists have come up with a 
new unit, the Newton (N) where 1 N = 1 kg.m/s 2 . 

So if you do a calculation to work out a force where the mass is in 
kg and the acceleration is in m/s 2 , you’d write your answer as 10 N 
instead of 10 kg.m/s 2 . 



Nc*t (ortt 



Mass 


ma 

^\ut\trahoY\ 
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So why not just say “F net = ma” from the start? Why all this 
stuff about momentum first? 

This book is about understanding physics. Rather than 
nodding and accepting “F net = ma” with no reason for it, we went back 
to what you discovered about momentum in chapter 10, when you 
used a force to change the momentum of various objects. You've just 
used what you already knew about momentum to work out this form 
of Newton’s Second Law for yourself. 

Won’t the mass of an object always be constant? So you 
can always use F net = ma? 

Sometimes, both the mass and velocity of an object can 
change. For example, a rocket going into space carries a large mass 
of fuel, which it continually burns. As time goes on, its velocity gets 
larger, but its mass gets smaller as the fuel gets used up. So both the 
mass and velocity change with time, which means that you’d need to 
treat the A(mv) part of the equation F net Af = A(mv) differently. 


If an object’s mass stays the same, you can say F net = ma. 
But if its mass changes, you have to say F net Af = A(mv)? 

Yes. The equation F net Af = A(mv) works for any object, whether 
its mass is constant or not. 

The equation F net = ma only works for an object whose mass is 
constant. 

But how do I know which equation to use? 

If you're interested in the object's velocity or momentum 
rather than its acceleration, F net Af = A(mv) is the most useful form of 
Newton's Second Law. 

If you’re interested in the object’s acceleration, then F net = ma its the 
most useful form of Newton’s Second Law (as long as the mass of 
the object is constant). 


But you don’t need to worry about this too much, since it’s not the 
part of the physics that well cover in this book. 


But were interested in weight! When I put an 
apple on scales, its velocity doesn’t change and 
it doesn’t accelerate, but it still has a weight! 


g is tke 
gravitational 
iielct strengftk. 


On eartk, 

灼七 douv-scs use 

sli^*tly values (or ^ 

AP piiysids uses n\/ s Z 




Weight is the force that causes an 
object to accelerate when it falls. 

If you drop an apple, it accelerates at a rate of 
9.8 m/s 2 . This is because the earth’s gravitational field 
strength is 9.8 m/s 2 . You now know that for something 
to accelerate, a net force must act on it. 

The only force acting on the falling apple is its weight. 
You can think of this as a gravitational force which 
results from the stuff that the earth’s made of and the 
stuff that the apple’s made of attracting each other. 

Even when the apple isn’t falling, it’s still subject to the 
same gravitational force, so it still has the same weight 
- its mass x the gravitational field strength, or mg (we 
use the letter g to represent the gravitational field 
strength). 
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support Force 



Pv-adtital pom 七： P*i-f-fcv-cir>*t 
p^vsids douvscs use $| 吵七〜 
di+-fcv-c^*t values (or 5 . 

/\P Piiysids uses rw/s z 
- but ^c^cv-ally c^pcdis you *to 
<^uo*tc av>s>wcvs *to ^ s’iy\i*f ida 的七 

t^tr\ 七 hou# 七 iVis value 
-fov 5 yvcy\ *m *bhc AP *b3ble 
of m-fovrwdtio^ oy\ ly lias Z 
si^r\*i-f i£.av>*t di^i*ts- 




Jim: Right - and my weight is due to the “stuff” I’m made of and 
the “stuff” the earth’s made of attracting each other. So we can 
think of weight as being a gravitational force. 

Joe: Yeah, your weight is the reason you accelerate towards 
the ground at 9.8 m/s 2 when there’s nothing to support you. And 
F iet = m3., so if I have a mass of 80.0 kg, my weight must be 
80 x 9.8 = 784 N as that’s the gravitational force on me. 


Frank: Yeah, and if you’re not accelerating, that force of your 
weight’s still there, and is still 784 N, as weight = mg. I guess that 
means that if my mass is constant, then the force of my weight is 
constant whatever^ going on - my weight is still mg. 

Jim: But the force that the WeightBotchers machine measures goes 
down when the scales move downwards! 

Jim: Yeah, that’s a puzzle. The scales can’t be measuring weight 
directly, or else they would always have the same reading. So if the 
scales don’t measure weight, what force do the scales measure?! 

Joe: I think the key thing might be that the scales on the 
WeightBotchers machine are accelerating towards the ground when 
the reading changes. 

Frank: But why would that change the reading? 

Joe: I guess that the scales aren’t supporting you as much as they 
were before they started to move. 


H tke scales (or 
tke eartk) ctictn’t 


provicte a support 
iorce ， you’d just 
keep on iallingf! 


Jim: Yeah ... when you stand on the scales, the spring inside the 
scales compresses until it provides enough force to support you - to 
stop you moving down any further. And it’s the compression of the 
spring that the scales measure. 

Joe: Yeah, the scales measure the support force! 

Frank: So if the scales aren’t totally supporting your weight, the 
reading would be less? 

Joe: I think that’s probably right. 
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The scales measure the support force 


Your weight is always mg. If you’re falling, then the force of your 
weight causes you to accelerate. But if you’re stationary, the thing 
you’re standing on must be exerting a support force on you in the 
opposite direction from your weight - otherwise you’d be falling! 


When you stand on scales that are sitting on the ground, you compress 
the spring and continue to move down slightly until the spring is 
compressed enough to exert a support force on you that’s equal to your 
weight. Then the net force on you is zero. 


II you are stationary, 
tke net lorce acting 
on you must te zero. 


^harpen your pencil 


a. What is the weight of an 80 kg person? 


b. An 80 kg person stands stationary on some scales 
that are sitting on the ground. What support force 
do the scales need to exert on the person to prevent 
them from breaking or falling through the scales? 


c. What is the net force on the person? 


e. Now, imagine that the person on the scales 
grabs onto a couple of rings hanging from 
the ceiling, and pulls down on them with a 
force of 200 N. Draw a sketch showing all the 
forces acting on the person, including both the 
support force provided by the rings, and the 
support force provided by the scales. 


d. Draw a sketch of the person showing all of the 
forces acting on them. Use labeled vector arrows 
pointing away from the person to represent the forces. 


6 


ONLY dv-aw 

fCV"SOir> — ’七 
Ara^n stales 
or cav-tK ov- 


else. 


f. What reading (in kg) do the scales show when 
the person is partially supported by the rings, as 
described in part e? 
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support Force 


Sharpen your pencil 

Sobtion 


a. What is the weight of an 80 kg person? 

wei # 七二 r«ass x ^v-avi*ta*tiohal -field 
二 00.0 x ^.0 
y/ciglvt =■ 78 ^ hi 


c. What is the net force on the person? 

The hC*t force is 0 ds -the wci^lvt 
ad*ts doY/vw/Srds, 七 he suppov* 七 -fovdc 
ad*b upy/avds, a^d 七 he y/ci^h-t ar\d 
support ^orCt arc e<\ual siz^s. 

e. Now, imagine that the person on the scales 
grabs onto a couple of rings hanging from 
the ceiling, and pulls down on them with a 
force of 200 N. Draw a sketch showing all the 
forces acting on the person, including both the 
support force provided by the rings, and the 
support force provided by the scales. 


R'm^s suppo\rt Sddles suppo\rt 

force, 2-00 N ^ (orCc, 50 午 /V 

\ 2 / 




b. An 80 kg person stands stationary on some scales 
that are sitting on the ground. What support force 
do the scales need to exert on the person to prevent 
them from breaking or falling through the scales? 

The person’s y/ci^lvt is 70 十 N. So *bo stop 
breaking scales, support -fordc Y\ttds bo 
be 70 午 N. 


d. Draw a sketch of the person showing all of the 
forces acting on them. Use labeled vector arrows 
pointing away from the person to represent the forces. 

个 SuPPovt ^OYtt) 70 午 " 

q OMLY dvav/ 七 he 

於 _. pevso 灼一 doy\ *t 
dv^a>w stales 
ov- {\\t cav-tK ov 

1 70 午 " else. 

f. What reading (in kg) do the scales show when 
the person is partially supported by the rings, as 
described in part e? 

Sddles provide d suppov* 七 -fordc a( 50 午 /V 
and Assume *th3*t F* ― 

乡 "' 可 1.0 

m =■ Cl> sd) 


Scales measure the support force provided by the spring, then 
convert this into kilograms using F = mg to tell you what your mass is. 

If, for some reason, the support force isn’t equal to your weight, then 
the scales will still convert the support force into kilograms. However, 
this reading in kilograms will not be equal to your mass, as the support 
force wasn’t the same size as your weight. 


Scales measure 
tke support iorce. 
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Now you can debunk the machine! 

You’ve worked out that the scales measure the support force 
- and that if the support force is less than your weight, the 
reading on the scales will be less than your mass. 

One of the tools you’ve used to do this is a free body 
diagram. This is just another name for a sketch of an 
object showing all of the forces acting on it, and it’s a very 
useful way of analyzing 



w 

丄 


torces. 


Tins is 
skrt^iv 


a 


A free tody ctiagram 
skows an object plus 
all oi tke iorces acting 
on it, and notking else. 


rpen your pencil 



A -fv-cc body 
dld^V~dl^ oy\ly sKov/s 
ov\e ob\cd*t- So oy>ly 
dvav/ pcv-sov\ 

- y>o*t the sdalcs or 


a. Draw a free body diagram 
for the person, mass m, on the 
WeightBotchers machine, inside the 
box to the right. 

(There’s no need to include the values 
of forces you’ve not calculated yet, 
just words to describe what they are.) 




b. Newton’s Second Law, F net = ma, says that an object 
accelerates if all of the forces acting on it add up to a 
non-zero net force. The person on the machine accelerates 
downwards at a rate of 2.0 m/s 2 . Use these facts to derive 
an equation for the support force from the scales. 


Support 
force from 
rings. 

Tiiis is a -fv-cc 
body diayam. 

-fvorm 

skrtdii bcdausc 
i*t oy\ly sKov/s 

0MB object 



Support 
force from 
scales. 


Weight = mg 


Speaking of analysis, the FakeBusters team think 
they’ve made a breakthrough! They’ve looked 
at the advertisement and worked out that the 
machine is accelerating downwards at a rate of 
2.0 m/s 2 while the low reading is being taken. 

You can use this fact to demonstrate why the 
WeightBotchers machine gives false readings. 


frm 七 : The sdales assume tha 七 
-tiicy av-c mcasuv'm^ -fovdc 

av\d CoYw/cri 七 *to kilo^a^s. 


c. The scales will give a reading in kg. 
What will this reading be? 



^/ouv 

^IOY\ \ be a 
puve yuArwbev. I*b 
v/ill still have 
r«ass of 

i*t. Fov 
0 *7 kg 

i\\ai 

■tKc stales will 
^ive a v-cadmg 
•tiiaVs 

fCV'SO^S mdss. 


d. Explain why the reading on the scales is lower 
than it would be if the scales were stationary. 


Be fiav-c-Pul Y\oi -to yt the vaviable used -to mass ay\d the Uhi-t of mrtev-s 

r/\\%td Up. They a\rc both v-cp\rcsc^-tcd by -the letter （ bu 七 m di*f*fe\r ⑶七 don'twts). 
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reduce the support force 



pen your pencil 
Solution 



a. Draw a free body diagram for the 
person, mass m, on the WeightBotchers 
machine, inside the box to the right. 

(There’s no need to include the values 
of forces you’ve not calculated yet, just 
words to describe what they are.) 


b. Newton’s Second Law, F net = ma, says that an object 
accelerates if all of the forces acting on it add up to a 
non-zero net force. The person on the machine accelerates 
downwards at a rate of 2.0 m/s 2 . Use these facts to derive 
an equation for the support force from the scales. 

Make dovm posrtWe div-ed-tio^. 


c.The scales will give a reading in kg. 

What will this reading be? 

Scales assume measured F— so 
divide support -fordc by ^ *to yt r^ss m k^. 


Reading 

Rcadii^ 


^9 - 


1.0 


Tiic -fovdc is 
v/cigivt d^d 七 he suppovt F 
-Pov-dc added 

Wlc (Most 七 Wis symbol p 

-fov suffovt *fov ■ 乙 e. s 


Y\tt 


— 2-0 



Pov-dc IS d vcd*tov-> 
so you r\tt& bo yt 

七 he siy>s v 吵七 . 

S*ta\rt v/i 七 h 
Nevrfcoh’s 2-t\A Law ； 
"tiiCh subs-tiiutc *m. 


Readii^ 

Reading 


Tiiis is like 
(I 一 QXO^) m 


m - O.ZO 午 m 




fav-t'ially supfovtm^ 

{\\t pevsorv 

The machine reduces the support force 


2- 0 m 

眯一 XT 

1.0 

0.00 kg (Zsd) 

d. Explain why the reading on the scales is lower 
than it would be if the scales were stationary. 

As the person is addclcratm^ downwards, -there 

must be a doy/r\y/d\rds -fordc* This rmedr\s 

七 support -fordc (wha 七 sidles 

rweasuve) is less pevso^s wci^lvt- 

'TKc sdales av-c ov\V/ 


The WeightBotchers machine ‘works’ because scales 
measure the support force that the scales exert on 
the person that stands on them. If the support force 
is less than your weight, then the reading on the 
scales is also less then your weight. 

The machine accelerates you downwards. This 
means that there must be a net force acting on you 
to produce the acceleration, as F in = ma.. The only 
force acting downwards on you is your weight, and 
the only force acting upwards is the support force. 

So if you’re accelerating downwards, the support 
force must be less than your weight and the scales 
will in turn have a lower reading - that’s how 
WeightBotchers are doing it. 


F s , Support 
force from 
scales. 



Add -toythev -Pov-dc 
ved-tov-s by Immg 七 hem 
up Vosc h> tail’ *to 

dakulatc het (oru- 


Sufpo\rt (ortt is 
less 灼 weight- 

A 


Weight = mg 


Vttboy show 

div-edtio^s o-f 
the (ortes. 


lA/hch you y/iri-tc 七 he 
ved-tovs as pav-t o( ay\ 
you y\ttd b> 
pu 七 "the sijhs \v\ {jo 
mdidatc the divedtio^. 
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9ns 


So the scales don’t measure my 
mass ... and they don’t even measure my 
weight?! 


So if I’m being supported by more 
than one thing, all of the supporting 
forces will add up to my weight? 


The scales measure the force that the 
spring is exerting on you, which we've called 
the support force here. They calculate the 
support force from the change in the length 
of the spring. 

So how is it possible for the scales 
to measure a support force that’s less 
than my weight? 

If the scales are only partially 
supporting you (for example, if you’re 
partially pulling yourself up using rings, or 
you have one foot on the scales and one foot 
on the floor) then they will provide only part 
of the supporting force. 


If you’re not being accelerated then 
yes, the supporting forces will add up to your 
weight because the net force on you is zero. 

Why does being accelerated 
change the supporting force? 

Good question! But don’t think of an 
acceleration ‘causing’ or ‘changing’ a force. 
It’s the other way around - a non-zero net 
force causes an acceleration. 

If you're accelerating, there must be a non¬ 
zero net force on you, because F net = ma. If 
you’re accelerating downwards, your weight 
(which points down) must be greater than 
the supporting force (which points up) to 
have a net downwards force that causes 


your acceleration. 


Hey ... not so fast! I thought we said 
before that forces come in pairs that 
are the same size - thafs Newton’s 3rd 
Law. But the forces on the free body 
diagram aren’t the same size. 



The forces in a Newton’s 3rd Law pair 
act on different objects. 

A free body diagram has only one object in it, and 
shows only the forces experienced by that object. For 
example, your free body diagram might show your 
weight and a support force. 

Newton’s 3rd Law says that forces come in pairs - and 
that each force in a pair acts on different objects. So 
if the earth exerts a gravitational force on you, you 
exert an equal and opposite gravitational force on it. 
And if the scales are exerting a support force on you (by 
virtue of you and the scales being in contact), you’re 
exerting an equal and opposite contact force on them. 


What would happen if the upwards 
force was larger than my weight? Like if I 
sat on a rocket or something? 

Then there’d be a net force upwards, 
so you would accelerate upwards. 

I’ve a question about free body 
diagrams. Why do the force vector arrows 
always point away from the object, even 
when some of them act from underneath 
(like the support force from scales does)? 

If you're drawing a free body diagram 
with several different forces on it, this 
convention helps you to see at a glance 
which directions forces are operating in. 

An arrow above the object must be a force 
acting upwards, and so on. 

Now I’ve debunked the 
WeightBotchers machine, do I get to go 
on television? 




Support 
force fro 
scales. 




These both ad*t 
oy \ the same object. So 
thcyVc ^o*t B Kcw*to^s 
ird Law paiv-. 


Weight = mg 

▼ Tke iorces in a 
Newton’s 3rd Law pair 
act on diiierent otjects. 
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force pairs 


Force pairs help you check your work 

You need to make sure you worked out the forces involved 
in the WeightBotchers machine correctly before you present 
your findings to FakeBusters. And the best way to do that is 
to make sure that each force you’ve drawn on your free body 
diagram is part of a Newton’s 3rd Law pair of forces. 


You originally met Newton’s 3rd Law back in 
chapter 10 when you were dealing with pushing 
two objects apart. In order for momentum 
to be conserved (an experimental result that 
you worked out), each object must experience 
the same size of force but in opposite 
directions when they interact. 

If the objects are “1” and “2” the pair of forces is 

The force that object 1 exerts on object 2. 

The force that object 2 exerts on object 1. 



This is NOT a -fvcc body diaya% as i 七 
has rwovc oy\t object m i-t doesy /七 
shov/ all o*P -the -Pov-dcs (-the y/eijh-t a^d 
suppo\rt'mj (orU av-c boih 

TWis is a ^vd 

Law faiv o-f -forces. 



To Cor\str\it 

same of (oru opposite di\rCdtiov>s. 


If you draw a free body diagram of a 

person standing on scales, there are two 
forces acting on the person - their weight 
and the support force. 

Although these forces are equal in size 
and in opposite directions, they are not a 
Newton’s 3rd Law pair of forces, as both 
forces act on the same object. 


w 



Support 
force from 
scales. 

This ’is WT a 
Kcv/*to^s 孓 vd 
pa*iv- o-f as 

bo*tK -fov-dcs o 灼 

*tKc sar^c 
Weight = mg 



You can check your work by 
seeing if each of the forces 
you’ve drawn on the free 
body diagram is part of a 
Newton ? s 3rd Law pair. 

To do this，you need to work 
out what the other object in 
each pair would be: 


The force that pairs with 
your weight is the gravitational 
force that you exert on the earth - 
as the stuff you’re made from and 
the stuff that the earth’s made 
from mutually attract each other. 

This pair of forces will also exist 
at a distance, even if you’re not in 
contact with the earth. 


w 


Weight = mg 
(Gravitational 
force) 




1 

Gravitational 
force 


The force that pairs with 
the support force from the 
scales is the contact force 

that you exert on the scales. 

Neither the support force 
that the scales exert on you 
nor the contact force that 
you exert on the scales would 
exist if there was no contact. 



Support 
force from 
scales. 



Contact 
force you 
exert on 
scales. 
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This is d Nevrfccm’s Z\rd Ldv/ 
paiv- of -Pov-dcs, as -they 
oy \ objects. 


This is a hlev/io^s 3\rd La> 
paiv- of -Pov-dcs, as -they 
oy \ di-P-Pcv-c^-t objects. 


















































weight and the normal force 


But that doestVt make sense! There are two arrows 
pointing downwards, your weight and this contact force, 
so when you add them together, doesn’t that mean you're pushing 
on the ground with double your weight?! 

Q 


It’s only 
meaninglul to 
add togetker 
iorces tkat 
act on tke 
same otject* 



1 



Your weight is a force that acts on you. 

Your weight is a force that acts on you. It must act 
on you or else you wouldn’t fall through the air as a 
result of it. It points downwards. If it helps, think of 
it as “gravitational attraction.” 

The contact force between you and the scales acts on 
the scales. It also points downwards - but it acts on 
the scales, not on you. 

You can only add together forces if they act on the 
same object. As these two downwards forces act on 
different objects, you can’t add them together. 


It seems that the support force only exists 
when you re in contact with the scales? 


There’s a distinction between 
contact forces and non-contact forces 

Gravitational forces are non-contact forces, which 
can act at a distance. The earth exerts a gravitational 
force on you whether you’re in contact with it or not. 

Contact forces only exist if there is contact between 
two objects. If you stand on the ground you’re not 
accelerating. The net force on you is zero, so your 
weight and the support force that the ground exerts on 
you must add to zero. 

Newton’s 3rd Law says that if the ground is exerting a 
contact force to support you, then you must be exerting 
a contact force on it. This makes sense - you can only 
squash a bug by stepping on it, which involves contact. 
This can’t be done by the force of your weight - as this 
is a force that acts on you, not on the bug. But it can be 
done by the contact force that pairs with the support 
force that the ground exerts on you. 



Tke iorces in a 
Newton’s 3rd 
Law pair must 
totk te oi tke 
same type (lor 
example, i>otk 
contact or totk 
non - contact). 
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debunk weighbotchers 


Why is it useful to think about 
Newton’s 3rd Law pairs of forces? 

When you draw a free body diagram, 
you're drawing only the forces that act on a 
single object. Each of these forces must be 
one of a pair - as when two objects interact, 
each of them experiences an equal-sized 
force in opposite directions. 

So when I draw a free body 
diagram, I should think about what the 
other force in the pair is? 

That’s right - and you should also 
think about which two objects are involved 
in the interaction. This prevents you from 
accidentally drawing two forces on your free 
body diagram that act on different objects. 

Where does this idea of a ‘contact 
force 5 with the ground come from? I 
thought that the Newton’s 3rd Law force 
pair was my weight and the support force. 

Both your weight and the support force 
that the scales exert are forces that act on 
you. They can’t be a Newton’s 3rd Law force 
pair, as they don’t act on different objects. 


Tkinkingf about 
Newton’s 3rd Law 
^airs oi iorces 
telps you make 
sure your free tody 
diagrani is correct. 


tJiereicire no o 

Dumb Questi9ns 


Is there any other way for me to 
work out what forces might be in a pair? 

The forces in a Newton’s 3rd Law force 
pair must be of the same type. So either they 
both have to be contact forces, or they both 
have to be non-contact forces. 

Why doesn’t the contact force I 
exert on the earth (via the scales, which 
are attached to the earth) lead to the earth 
accelerating? Don’t I exert a net force on 
the earth? 

As well as the contact force you exert 
on the earth, you also exert an attractive 
gravitational force on it, in the opposite 
direction. So the net force on the earth as 
a result of you being there is zero, and the 
earth doesn’t accelerate. 


What if I wasn’t standing on the 
earth? Then the gravitational force that 
the earth experiences as a result of me 
being there must accelerate the earth 
towards me, right? 

That’s completely spot on, and a great 
observation. When you're not standing on 
the earth, there’s a gravitational force pair. 
The gravitational force on you (your weight) 
accelerates you towards the earth. And the 
gravitational force on the earth accelerates it 
towards you. 

So why don’t I notice the earth 
accelerating towards me? 

Newton’s 2nd Law says that F = ma. 
Therefore, a = . As the earth has a much 

much larger mass than you, its acceleration 
is very small compared to yours. So it’s not 
something you’d notice. 


You debunked WcightPotchcrs! 

Your free body diagram of the person on the scales is 
correct. The support force exerted by the scales on the 
person is less than the person’s weight. 

This means that the net force on the person is not 
zero. A non-zero net force produces an acceleration: 

F = ma.. The net force leads to the person 
accelerating downwards, as observed on the advert. 

The scales measure the support force, and convert it 
to a mass by assuming that F = weight = mg. If the 
support force is less than the person’s weight, then the 
scales read a smaller number of kilograms than they 
would if there was no acceleration. 



FakeBusters are soon back in touch to congratulate you, 
and arrange for your segment of the show to be filmed. 
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weight and the normal force 


Put WcightPotchcrs are back! 

We spoke too soon. WeightBotchers are back with a new machine 
- though only the magazine ads for it have appeared so far. 

This time, the person on the scales is sliding down a hill. And 
miraculously (or so it seems), the scales read lower than they did 
when the person was standing on flat ground. 

FakeBusters wants your help busting the new scam with science 
once again. 

fievc, -the v-cad'mg oh -the scales is -the sa 你 e 

^umbev- o( kilojv-a^s as i-t v/ould usually be- 


Slope is like a” air iiodkcy 
•tabic, so pvatti^ally 


ZjCV-O 





Memo 

From: FakeBusters 

Re: WeightBotchers 

Great work busting WeightBotchers 
but they’re back. 

you investigate WeightBotchers* 
latest machine, and work out how it 
produces the results it does? We，ve 

hn?th ed f a , copy of their ad - ,f y° u can 
bust the fake we J d love to have you 

back on the show. 


Pcv-sor\ is slidim^ 
dovm slope 
or\ stales. 


the \readih0 
Oh the scales is 
lowe\r thah it was 
at the -top 

the 


It’s clear from the WeightBotchers ad that 
when the person’s going down the slope, the 
scales read less than they did on the flat ground 
at the top of the slope. 

So - what’s the trick this time?! 





How do you think the new machine works? 
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the normal force 


A surface caw only exert a force 
perpendicular (or normal) to it 

If you’re standing on a horizontal surface, you don’t accelerate. 

This is because the surface exerts a vertical contact force on you, 
perpendicular to the surface. 

Up until now, we’ve been calling a perpendicular contact force exerted 
by a surface a “support force”. But a more accurate name for the 
perpendicular contact force exerted by a surface is the normal force. 

This is because whatever angle a surface is at, the surface can only exert 
a contact force perpendicular, or normal, to itself. Depending on the 
situation, the normal force may not be supporting an object’s weight. 


\/cvtital 

Normal (orU- 
force 



▼ 

I 


Hov’izjorrt^l suv-fatc- 

—P 


Weight 


If you try to “stand” on a 
vertical surface (like a wall), 
you just fall straight down, as 
the vertical surface can only 
produce a horizontal normal 
force. The vertical surface 
is unable to provide any 
support for your weight. 


h vcv-tidal su\r-Pa^c 七 
a vcv-tidal -Pov-dc- 



TKc v/all v/ill or^ly c%cv-*t 

a Kov*izx>r\*tal r\oVmal 
-fovdc oy\ you i-f you 

toY\iati (orU oy\ i*t. 


If you throw a ball horizontally 
at a vertical wall, it experiences a 
horizontal normal force from 
the wall that makes it bounce. 


The ball also experiences the 
force of its weight, but as the 
ball’s weight is parallel to the 
wall, it doesn’t affect the size of 
the normal force. 



Normal 

force 


Weight 



Ball *tKvoy/v> 
at v/all. 


The ball bou^dcs because 

o( "the hOV-r»al -Pov-dc 


c^c\rtcd oy\ i-t by wall. 


Tke normal 
iorce tkat a 
surface exerts 
on you is tke 
same size as tke 


perpenJicular 


iorce tkat you 
exert on tke 


surface, tut 
in tke opposite 
efirection. 


The normal force that a surface exerts on you is the same size 
as the perpendicular force you are exert on it, but in the 
opposite direction. If you are stationary on a horizontal surface, 
the normal force is equal to your weight. If you push a wall 
horizontally with a force of 50 N, the normal force is 50 N. 
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weight and the normal force 


Jim: Yeah, the spring in the scales that makes the measurement can 
only be compressed perpendicular - or normal - to the slope. 

Joe: But how do we calculate the normal force this time? Last 
time we got data from the TV ad, but there’s only a magazine ad 
this time. We need to do this before the deadline for FakeBusters. 

Frank: I guess we can measure the angle of the slope... 

Jim: How does the angle help us to calculate the normal force? 

Joe: It says here: “the normal force that a surface exerts on you 
is the same size as the perpendicular force that you exert on the 
surface, but in the opposite direction.” 

Frank: I think that means we need to think in terms of forces that 
are parallel and perpendicular to the slope. 



Jim: Yeah ， I’m sure the net force and the equation F net = ma will 
come in to it somewhere. Though I’m not really sure where yet... 


— your pencil 



a. If a car accelerates horizontally, parallel 
to the ground, does its acceleration have a 
component perpendicular to the surface? 


Hmt ： objects must 

be *m i\\t sd^e d\rtc{ ： \oY\ as i\\t 
oy \ *bV^c object 

^ n md is d vc^*tov C<\ua*bior\. 


b. If a person on a sloped surface accelerates down 
the slope, parallel to it, does their acceleration have 
a component perpendicular to the surface? 


c. If an object has zero acceleration, what can 
you say about the net force acting on it? 


d. If one component of an object’s acceleration 
is zero, what can you say about the net force 
acting in the direction of that component? 


e. Do your answers to parts a-d give you any ideas about how to deal with the person on the 
WeightBotchers machine accelerating down the slope? 


you are here ► 


459 






solution 


ncil 


irpea your penci 
‘ Solution 



a. If a car accelerates horizontally, parallel 
to the ground, does its acceleration have a 
perpendicular component? 

/Vo, i 七 or\ly has a parallel (ho\rizx>rrtal) domfoherrt 
as it is addelcratmg parallel to -the SUV-fade. 

c. If an object has zero acceleration, what can 
you say about the net force acting on it? 

F =■ ma so i-f *thc addelev-a*tioh is z^ro 

■the r\rt -fordc is zjCVo -though 

may be several -forces adtmg ov\ *thc objcd*t)- 



Hmt obje^s ad^clcvatio^ must 
be m i\\t Sdme divc^tion as i\\t v\ti 

S^OYtt OY\ *bV^c object S\Y\Ct 

^ n md is d vc£.*tov- c<\ua*tior\. 

v\ti 


b. If a person on a sloped surface accelerates down 
the slope, parallel to it, does their acceleration have 
a component perpendicular to the surface? 

hlo, -they or\ly have a parallel dompoherrt, as 
they arc addclcv-atm^ parallel -bo -the suv-fadc. 

d. If one component of an object’s acceleration 
is zero, what can you say about the net force 
acting in the direction of that component? 

|-f {ht o-f 七 he addclcv-a*tioh *m 七 

div-cd*tioh is zj^to, hC*t ^oYtt m 

div-Cdtioh r«us*t be z^vo. 


e. Do your answers to parts a-d give you any ideas about how to deal with the person on the 
WeightBotchers machine accelerating down the slope? 

The pev-soh is addclcv-a*tm^ parallel -bo {ht slope bu*t r^o*t pcv-pchdi^ubv- *bo {ht slope, l-f wc *thmk 
about addclcra*tioh a^di -fovdc dor«por\cy\*ts parallel pcvpcr\didular -to -the slope, i*t y/ork 

ou*t >wdl) bedduse *thc pcvpcy\didula\r dompor\Cy\*ts y/ill dll be z^ro. 


I just want to get some terminology 
straight. Are the normal force and a 
support force the same thing or not? 

The normal force is the contact force 
that a surface exerts on you. The normal 
force always acts perpendicular to the 
surface, and depends on the force you are 
exerting perpendicular to the surface 

What we were calling the support force 
earlier on was a specific example of a 
normal force. We called it a “support force” 
because it was supporting your weight, 
which acts perpendicular to a horizontal 
surface. “Support force” was a good mental 
image to have when you were getting to 
grips with how scales work. 


there 】 are n9 ^ 

Dumb Questi9ns 

Why are we now using the term 
‘normal force* instead of ‘support force ’？ 

Now, the surface isn’t horizontal any 
more - it’s at an angle. The normal force 
always acts perpendicular to the surface. 
So the normal force doesn't point in the 
opposite direction from your weight any 
more - it's at an angle because the surface 
is at an angle. 

You can’t think of the normal force as 
"supporting" your weight in quite the same 
way, as the weight vector and normal force 
vector are not parallel to each other. So 
it’s best to use the term "normal force” 
rather than "support force” to avoid getting 
confused. 


We’ve always talked about 
horizontal and vertical vector 
components in earlier chapters. Why 
are we talking about parallel and 
perpendicular vector components now? 

When you're dealing with projectiles, 
the net force that causes the projectile to 
accelerate at 9.8 m/s 2 is the gravitational 
force. The net force acts vertically, so the 
projectile accelerates vertically. There’s zero 
net force in the horizontal direction. 

When you're dealing with an object 
accelerating down a slope, the net force acts 
down the slope, so the object accelerates 
down the slope. The net force acts parallel 
to the slope. There’s zero net force in the 
perpendicular direction. 
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weight and the normal force 


Whew you slide downhill there's 
zero perpendicular acceleration 

The person on the slope has two forces acting on them: 
their weight and the normal force from the slope. 


Free body diagram 


Thcv-c a\rc two -fov-fi.es 
ov\ 七 he pe\rsor/s (rtt 
body diayam: -the 
v/eijh-t and the 

r>o\rrif»al -ro\rdc. 


Normal 
force 

Pcv-soh a^dclcva'tcs 

this di 代 dtioh, 

pav-allcl -to the slope 


l/Vc^vc jveyed \v\ 

七 he slope and 

stales so you C^y\ 
see the ar>glc 0. 



h^tt\t>rdhoY\ rwus-t be caused by wt 
S\Y\U F - ma. So Y\ci (oru 
rwus-t be pa\ralfd -fco the slope- 


Tke NORMAL lorce ， F n ， 

is always perpendicular 
to a surface. 

Tke NET lorce ， F—，always 
points in tke same direction 
as tke acceleration it causes. 


The person slides down the slope, accelerating 
parallel to the slope. This means that the net force 
must act parallel to the slope, because Fnet = ma. 

This means that the components of the forces 
perpendicular to the slope must add up to zero. 


Parallel and perpendicular 
force components drawn in 

Ko aaeleraticw 
•m fcv-fc^d'ttulav 
diV"Ct*bior\, so *tV^se 
•ty/o VCt*toV"S must 


Normal 

force 



Parallel 
component 



Parallel tomfor\Cir\*b 
o-P *s \r\ct 

^orU 仏 a 七 causes 

atdclcv-at»o\r\ 


The only two forces with components perpendicular 
to the slope are the weight and the normal force. 
Therefore, the perpendicular component of the 
weight and the normal force must add up to zero, so 
that the net force is parallel to the slope. 
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look for similar triangles 





I guess we can work out the angles 
of the force vectors from the other 
angles nearby, like we did before? 


You did this bade m dhaptev- % 
v/i 七 h tiria^glcs 




The force vector angles are 
related to the angle of your slope. 

Your slope is like a right-angled triangle. 

You can label its angles by calling the angle it 
makes with the ground 0 and its other angle (3. 
You know that the angles in a triangle add up 
to 180°, and as there’s already a right angle in 
there (90°), 0 and (3 must add up to 90°. 


Your weight vector components also form 
a right-angled triangle. Because two of the 
sides of the weight vector triangle are parallel 
and perpendicular to the slope, the slope 
triangle and weight vector triangle are similar 
triangles. So the angle 6 from your slope will 
also appear in your weight vector component 
triangle. 


TWis 

avvd add 

U ? °[0° 

£ 0 七 Wis 
七 be 



is 

pcv-pcr>didula\r -fco 
the slope, so -this 
is a vijhi a^le- 


6 ahd j3 add 

up h> °IO°. 


Weight = mg 、、、 

、 



e 、、、、、、 


Parallel 
component 



Ha problem 
involves parallel 
components, 
perpendicular 
components and 
angles，look lor 
similar triangles. 
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weight and the normal force 


Use parallel and perpendicular force 
components to deal with a slope 

The reading on the scales is the normal force, which is the same 
size as the perpendicular component of your weight. This is 
because the normal force always acts perpendicular to a surface, and 
always exerts the same size of force on you as you exert on the surface. 

The parallel component of your weight is is the net force that 
leads to you accelerating down the slope. 

Time to get on TV ... 


:^|^rpen your pencil 


Pcvfcr\ditulav- 

is 

same sizjc as 
y\o\nmdl -fovdc 


Normal 

force 



£'imild\r 七 viar^les 
armies avc 


SdrmC SIZjC 


Perpendicular 
component 


Weight = mg 



Para I 
comp 


Pav-allcl dor«ponc^*t 

vovidcs -fovtc- 


The WeightBotchers ad shows an "instant 5% reduction” when the person goes down the slope. 
You’re going to calculate the angle the slope would need to be to produce this reduction. Then the 
Fakebusters team will compare your theoretical calculation with the angle of the slope in the ad. 


a. Draw a big vector triangle showing 
the weight and its components of the 
weight parallel and perpendicular to 
the slope, so you can write things on it. 


b. If the WeightBotchers scales show a 5% reduction in someone’s 
mass, what’s the angle of the slope? (Assume that the person has 
mass m, and that the gravitational field strength is g.)<^ - ^ 

ttm 七 • a 弓％ 
v-cdudtioh 
rwcair>s -that 
"the holrimdl 
-Poirdc is 
o( the pevsern’ 

actual v/cijht 


c. What is the person’s acceleration down the slope? 


Calculate the 七 -fov-dc 
dov^m 七 he slope, and use F 二 ma 
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instant reduction? 



The WeightBotchers ad shows an "instant 5% reduction” when the person goes down the slope. 
You’re going to calculate the angle the slope would need to be to produce this reduction. Then the 
Fakebusters team will compare your theoretical calculation with the angle of the slope in the ad. 


a. Draw a big vector triangle showing 
the weight and its components of the 
weight parallel and perpendicular to 
the slope, so you can write things on it. 


Pcrpchdidular 

is 

v-eadmg ov\ scales 


b. If the WeightBotchers scales show a 5% reduction in someone’s 
mass, what’s the angle of the slope? (Assume that the person has 
mass m, and that the gravitational field strength is g.) 










、 


lAfeiglvt 二 ”. 

5% \rcdud*tioh medhS normal 二 0.^5 
Us'mg *briar^le: 

一 




V 


dos(0) 


d 











ttmt d *7% 
v-cdudtioy> 

七 ha 七 
the hOlrmal 
-fovdc is 
o( the peirsem’s 
dd'tudl weight 


Parallel dompohCh-t is F ^ *tha*t 

dduses addclcra*tioh dovm hill. 


e 二 =1 ie.z° ( i sa) 

rr ^ 、 is cm 七 he top av\d 

Thc a ^ lc does d bolW o( so 

depend oy \ ttc •_ 七 divides ou 七 and da^els. 

pev-so^ s mass. 


c. What is the person’s acceleration down the slope? 

Caldulaie -forde {htY\ use F ^ ma to yt adddcv-a*tioh 
Us*m^ -tvia^lc *to work ou*t -forde (whidh is opp side) 


o 


F 


^e*t 


sm( 


L 二 
L 二 


h 叫 

rw^sihOS.Z) 


031Z 


^9 


ir/»3 


a 二 


0311 ^ 
031Z x ^.8 




V is rwultiply'mj both sides 
o*f the so i*t 

divides oui Bv\d darnels. 


l.Oh m/s z (l sd) 



TV^c aaele\ra*bcw docs^t 
dt^d ov\ -tV^c fev-so^s mass. 
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Another fake busted! 

There are two forces acting on you when you stand on the 
second WeightBotchers machine - your weight and the 
normal force from the surface. 

Your weight vector points straight down, but the normal 
force points perpendicular to the surface. 

You accelerate down the slope, parallel to the surface. This 
means that the net force acting on you must be parallel 
to the surface, because F nei = ma.. And the perpendicular 
components of the forces must add to zero. 

When you draw in the parallel and perpendicular 
components of your weight vector, you see that the parallel 
component of your weight provides the parallel net force. 

The net perpendicular force on you is zero. Therefore, 
the normal force and the perpendicular component of 
your weight must add to zero. As the scales measure the 
normal force, and the normal force is only a component 
of your weight, the scales don’t register your full weight. 
The reading on the scales is lower than it would be on a 
horizontal surface. 



weight and the normal force 
1 • Start with a free body diagram : 



2. Work out the direction of the 



3. Draw in components parallel 
and perpendicular to the net force. 


alv-cady pevp ⑶ di 乙 ulav 

b> 灼 et -Pov-dc. 


Tum y/ei # 七 

m*to dompo 灼 err! 

vcd-tov-s. ^^^ 



4. The components perpendicular 
to the net force must add to zero. 


pcv-pc^di^ulav- 
h> slope add 

to iCV-O- 



^ ^ 广 hUi -Povdc is 

f Y "this 
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Question Clinic: The "Free body diagram" Question 




Any time you have a problem that involves forces, always, 


always, ALWAYS start with a free body diagram! To do this, think of all 
the Newton’s 3rd Law pairs of forces that the object is involved in. Then draw 
in all the forces from the pairs that act ON the object (but not the forces 
that the object exerts on other things). 



|-f you know the mass, you be 

able *to use "rt *to work out "the 

(P 二 ma) oV the momentum 
(p 二 m v) latcv- or\- 


This should irwrwcdia-tdy yt 
you 七 hihkmj about hovizo^-^l 
3^d vcvtidal 


TKis means *t^cv-c 
is y\o r\c*t -fovtc 把七 |% 
ov\ 七 he balloon taus'm^ 
•rt *to addclcv-a*tc- 



5 . A hot air balloon, m^s3500kg, travels 
constant speed of 2.0 m/s. 〆 

""DrawTfree the ball _ ’ 

labelling all the forces acting on it. 

T^dbaqs with a mass of 200 kg are droppedjmm^ 

b|ket, 

Whatis the acceleration of the balloon after the 
sandbags are removid? 


a. 


b_ 


c_ 


liis nr»cahS -that 
fo\A should \w\ritc 
Idowh y/hat youv 
：OYCt ved-fcov 

IVVOY/S VCplTCSC 灼 *t 

、 ex •七 *to 七 herw. 


This 

the y/cight o( 
the balloon. 


I-P 七 hevVs y\o (orCc, 
七 he 灼七 he weighi and 
the buoyant TO\rdc 
w»usi be equal. 


TKcvc's y\ov/ d r>C*t \orCt, as *thc 
buoyant (oru Isolds up *tKc / 
balloon is yeatev- {\\ar\ *tKc v\t>N \ ) 

v/ci^Kt So you use P “二 
-to wovk out *tKc a^clcvatior\. 


»3w\C 

3 s youv old ov\t) bu 七 


Rcrwcrwbcv- -fco use the hCW 
mass y/ithou 七 the ballas 七 , 


Remember - if the object is stationary or moving 
with a constant velocity, theres no net force acting on it - it’s 
not accelerating. So all the forces you draw must add to zero when 
you line them up 'nose-to-taiT. This will help you not to forget 
forces that you should include on your free body diagram. 


































Question Cliwic: The "Thiwg ow a slope" Question 



o 


f\ simple (rtt body 
dld^dm should〆 七 

doy\*tam dor«fonCir>*ts — 
jus 七 i\\t atiual -fov-dcs. 

Wovk dompor\Cir>*U 
pcv-pcv>didulav- *to slof< 

This mcahs ihai you’ve 
us'mj the variables 
0 a^d g vathcir than 
humcvidal values ； 
tests youv- uhdcvs-tahd'mg 
o( 七 he physics mov-c. 


resolve your 
force vectors 


Sometimes, you II be asked a question about an object on a 
slope. You should always start with a sketch - draw the slope, and write on 
all the information you know. If the question is about forces and acceleration, 
then make sure you draw a free body diagram as well. Look carefully to see if 
the wording of the question implies that theres a net force 



Tiicsc ave values 
you k 灼 ov/ a 七 

s*tav-t o( pvoblcm. 


TKis me 扣 s 
•tiicv-c is a »r>c*t -fovdc 
adtm^ oy\ *tKc fCV-sor\. 


This jives you 七 he 
diV"CdiioK> o( -the 
r)d (ovu - parallel 
to 七 he slope ■ 


a 


5. A person, mass m, stan^/on scales that accel^ dov^ 

slooe. The slope makes an angje0 wlth the groun 1 

； Draw^jree bQdyii®^ _e ⑼ n, labelling 
^^Toi 4 iS^onthem. 

b . 扉 _I£_^°l m ， eandg ， the 

gravitational field strength, 

If there was no slope and the person was just falj^wha 
would the reading on the scales be? 


e. 


va 


Ko*tc v/Kcr\ youVc asked *fov b 
mass va*tiicv 3 


Thcv-c^s y\o novmal (ortt, so *thc 
scales will \rcad z^v-o. 


dr>d dompo^Cr\*U 



Ifs very important to resolve your force vectors into 
components parallel and perpendicular to the slope - especially the 
object's weight vector. This is because an object moving down a slope 
experiences no net force perpendicular to the slope. So drawing in the 
components of your forces helps you calculate the correct value for the 
normal force, and provides a way of working out the net force as well. 
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Weight 


The gravitational force exerted on an object by a much 
larger object, such as the earth. Weight = mg, where m is 
the mass and g is the gravitational field strength. 



Free body 
diagram 


A diagram showing only one object, and all of the 
forces acting on it. 



Normal force 


The contact force exerted by a surface on an 
object. This force is always perpendicular (or 
normal) to the surface 
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weight and the normal force 



Your Physics Toolbox 


You’ve got Chapter 11 under your belt and 
added some problem-solving concepts to 
your toolbox. 


Kc*t -fovtc 

>u 於 y/ovk out 
ov\ by\ by addm^ 

all -the \oyU ved-bovs -from its 

-fvee body diayam by 
up \ost to tail W 

l-f i\\t v\ti ^ortt is z^vo, i\\t 

objed-t a^dclcva-tmg. 

|-P is d 於。妁一 Z^V"。wt 

-b^c objed-t addclcva-tcs *m i\\t 
diV'Cdtio^ "t^C wt -fo\rdc* 

/Vcwtoh s 3v-d Law 

pailrs o-f -forces 

"ewWs Uw J exist 

wheve two objects ihtevadt. ■ 

Both Wes ih the paiv^ must be o*P th( 

same type Uoy^iati hoh-dohbdt). 

Ea 》 We m the paiv^ must ad Oh a 

di-Frcvcht objedt 

Eadh ^oyu ih the paiv will have the 
same si^ ; but the Wes will be ih 
opposite divedtiohs. 


pvee body d» 3 yam 

Fov* a^y fv*oblcm *b^a*t involves 
-fovdes, you should 3l>w3y s dv*3>w 
a -Pvee body diayam, *tV>c 
Siz^ d^a divedtio^ of cvevy ^ovdc 
ad*bm^ S sm^lc body* 

pva>/ youv -fovdc vedtov av-voy/s 

^ om object* 


NOM^fco^s Zhd law 

A wt force applied -for a -ti^e always 

ledds bo *thc m momerrtum: 

F .At — A(irwv) 

Y\CZ 

l-f *the mass o-f objcd*t is dohstarrt, 
■this dar\ simpli-fy *bo ： 


F 


y>c*t 


n\3i 


Object on a slo\>c 

l-f you have object d 
slope, the ^ovmal -fovdc a^d the 

y/ci^*t av-c c«\ual siz^s. 

The ^c*b -fovdc f3v-allcl 

O^c *tlic y/ci^*t 3\rC 

e<\udl sizjcs. 


CiioosinJ 6 。叫。妁⑼七 
dirtcho^s 

|-f you lidve d pv-oblcm >/hcV"C 
wt -fovdc is zjCVo m o 朽 c favti^ulav- 
divcdtio^ U ^ fcvpc^didulav -to 
d slope) "tV^ dhoosc 
vcd*bov-s pav-allcl a^d pcv*pc^d'i6ulav* 
-to -this dived-tio^ -b make youv 
dal^ulatio^s easier. 
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參命 



Getting on with it 


I don’t really care if you can 
k draw me a free body diagram 
showing the weight and the 
normal force - just get on and 
do some ironing, man! 卜 

QV ^k J 


It’s no good memorizing lots of theory if you can’t apply it. 

You already know about equations of motion, component vectors, momentum 
conservation, free body diagrams and Newton’s Laws. In this chapter, you’ll learn 
how to fit all of these things together and apply them to solve a much wider range 
of physics problems. Often, you’ll spot when a problem is like something you’ve 
seen before. You’ll also add more realism by learning to deal with friction ■ and will 
see why it’s sometimes appropriate to act on impulse. 
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simfootball 


It's... SimFootball! 

You’ve been contacted by the SimFootball team, who 
need your help with some of the physics in their 
video game. If you can help them figure out why the 
characters in the game aren’t behaving like they would 
in real life - you’ll get an all expenses paid trip to the 
X-Force Games.! 



Memo 

From: SimFootball 
Re: Physics in our new game 

加 9 ra P h '^ in place, but need 
advice on the physics engine for many of the 

ST: ° f ⑽ _ e • 陶 1 ng ， tack “ng， ㈣ 

dra ? ^ tra,n,n 9 mode) and kicking. You will 

wor c osely with one of our programming team. 

If you can help us get this all together in time 
we II send you to the X-Force Games, all ， 
expenses paid. 


You can help, right? 

That trip to the X-Force 
Games will be sweet! I 
need a vacation! 
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using forces, momentum, friction and impulse 



The SimFootball programming team have come up with a list of things they need physics advice on for 
their game. Your first job is to outline the physics you think you’ll need to use. 

So start with a sketch of each item to reduce it to its 'bare bones' and see if it’s like something you 
already know how to do. Label things like velocity, acceleration, force etc where appropriate. And give a 
brief outline of the kind of physics you might use to solve each problem. 

a. Passing - Working out the path of a ball that b. Tackling - Players with known masses each 

has been thrown through the air at a known angle running with a certain velocity collide with each 
with a known initial velocity. other and grab on. 


c. Tire drag - In training mode, a player with a 
rope around his waist runs, dragging a tire along 
the ground. 


d. Kicking - Moving foot kicks stationary ball with 
a force, and is in contact for a known period of 
time. 



Don’t worry if you don’t know 
much about football. 



of the game elements are explained in the 
Sharpen your pencil’. You’re only going to be 
working with the physics, so it doesn’t matter if 
you don’t know much about the rules. 


This is ArwcHdah 
-Pootball, hot soCUr. 
But whatever you 
亡 all i*t, dor /七 wo\r\ry/ 
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start with a sketch 



The SimFootball programming team have come up with a list of things they need physics advice on for 
their game. Your first job is to outline the physics you think you’ll need to use. 

So start with a sketch of each item to reduce it to its 'bare bones' and see if it’s like something you 
already know how to do. Label things like velocity, acceleration, force etc where appropriate. And give a 
brief outline of the kind of physics you might use to solve each problem. 


d — 一卞 0 m/s Z 




S 


s 


a. Passing - Working out the path of a ball that 
has been thrown through the air at a known angle 
with a known initial velocity. 

This looks like B 
p\rojcd*tilc -fired 
■through ai\r a*t 3^ 

Use equations 

nr\0*tioh dhd *tvca*t / C 
ho\rizx>h*tal vcvti^al V ok 
separately. 


c. Tire drag - In training mode, a player with a 
rope around his waist runs, dragging a tire along 
the ground with a constant velocity. 



\ 


S 


b. Tackling - Players with known masses each 
running with a certain velocity collide with each 
other and grab on. 

Players both have mass 
dhd vclodi*ty> so bo 七 h 
have momentum bc-forc 
dollisioh. 

Momis dohserved 
so i 七 mus*t be same 
before ar\d 


Bc-fo\rc 
© 


z 


Atte 


Y 


©© 


V 


? 



The *tiv*c is bemg 

fulled 3"t 
so you tBv\ r«aybe 
intake a viglvt- 
a^led triable 
dhd use 

vcd*bors of -forces 
bo work -this ou*t. 



d. Kicking - Moving foot kicks stationary ball with a 
force, and is in contact for a known period of time. 

Foo*t ^v\d ball bo*th 

velodi-ty) dhd a^a'rn 

nr\Onr\Ch*tunr\ must be 

dor\sc\rvcd. A ^ 

Fouc o( ball 

-foot. 


You doy\{, k^ov/ cvcadtly hoy/ h> 
do some o( -these problems yrt, 
but do / 七 y/o\r\ry — you’ve alv-eady 
joi o(( {o a jvcai siar-if 


II you’re given a story，start witk 
a sketek to work out wkat pkysics 
tke story involves. Wliat’s it LIKE? 




七二 tor\{^t{, *time 

- 七 ^ /o objcd.*bs look ou - 

(or able *to use 
d.or\scv"vatior\ o\r d -fovm o-f 
Ut^{x>Y\s 2 -v\d Law (c'»*bi^cv- F ― 
or FAt =■ Ap) as \>o{\\ objects 

s3mC siiC or -foVdC- 
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using forces, momentum, friction and impulse 



We can already 
handle passing using 
equations of motion! 


Jim: Yeah, but what about tackling? The players usually hit head 
on and grab on to each other. In the game we know their masses 
and velocities before the tackle. Ow!!! What are you doing?! 

Joe: Just being a part of it! Looks like if I’m running faster when I 
tackle you, we move faster afterwards than when I run slowly. 

Frank: And if your mass was larger, Jim would have gone flying! 

Joe: The total momentum, mass x velocity, will be the same 
before and after - right? 

Jim: I’m glad we’re back to math now! Yeah, the game would need 
to move the players with the correct velocity after the tackle. We 
know the mass and velocity of each player before the tackle, so 
using momentum conservation sounds about right. 



rpen your pencil 


Two football players hit each other head on. One has a mass of 95.0 kg and is running from left to right at 
8.50 m/s. The other has a mass of 120.0 kg and is running from right to left at 3.80 m/s 

If the players lock together in the tackle, what velocity do they move with in the split second after the tackle? 

H m 七 : 如 

playcv-s \otk 

七 hey 

move ds ov\t 
mdss a-f*bcv- 
i\\t tackle 
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objects and collision 



Two football players hit each other head on. One has a mass of 95.0 kg and is running from left to right at 
8.50 m/s. The other has a mass of 120.0 kg and is running from right to left at 3.80 m/s 


If the players lock together in the tackle, what velocity do they move with in the split second after the tackle? 


Before ： =• ^5.0 

O — > 


m 二 12.0.0 kg Use momgh-fcum doy\sg\rva-fcioy\ jo y/o\rk out 

^ - *bo*t3l nr\Oinr\Ch*tuir« bc-foVC ==■ 七 0 七 ^1 nr\Oinr\Ch*tuirw a*f*teV". 


v, =• 0.5 m/s 


v 


i 


*/s 


/Vf 七 er: ^ =• ^5.0 + IZO.O =■ ZI5.0 kg 

CO 



m i v i w 


V 




m i v i 


V 


? 


Le-f*t *bo v-i^lvt is positive. 


I Vs sa-fcs*t *to 
veavva^^c yoiAV 
c^uatio^ bc-fovc you 
put values m. 



v 


v 


^.0 x 0 石 O - IZO.O x i.eo 

2J5.0 

I.A m/s (冬 sd) 


/WorwChturh is a VBCTOR so you 

to choose which DIRECTION 

"to dc-PihC as positive- 


They -Crom lef 七七 0 viqlvfc a 七 1. 石 3 州 /s (多 sd). 


Momentum is conserved m a collision 

Momentum is always conserved in an interaction between 
two or more objects. So when the two players collide in the 
tackle, the total momentum must be the same afterwards as it 
was before the collision. 


This happens because each player experiences the same size 
of force when they collide, but in opposite directions - a 

Newton’s Third Law pair of forces. The same size of 
force always causes the same change in momentum. 


So the first object has its momentum changed in the direction 
of the force acting on it - and the second object has its 
momentum changed in the direction of the force acting on it. 




Before 


tat\\ player, -n 


Add 

vedtov-s 


li 


mm 纟 


rs by 
七 hem 


up 


、 ose — •fco-'tail' 


tN 1 


p 


tot 


.To*t3l mor«C^*turw 
is dov>scWcd- 


After 



Playcv-s -Pov-m oy\c 
mass a-p-tev- Collision. 


But the forces are equal sizes and in opposite directions. So 
the changes in momentum are equal sizes and in opposite 
directions. This means that the total momentum is the same 
both before and after the collision. The changes in momentum 
make no difference to the total when you add them together. 


Wken two objects collide, 
tkink about wkat kappens. 
Do tkey become one object? 
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using forces, momentum, friction and impulse 


How do you know that the two 
masses that exist before the collision 
have turned into one mass afterwards? 

You'll often do problems where two 
masses stick together after colliding. This 
means that they no longer move as two 
separate masses, but as one mass with a 
single velocity. Read the question carefully! 

Are there any buzzwords that 
indicate that the objects stick together? 

Sometimes the term “inelastic” is used 
to indicate a situation where two objects 
collide without bouncing (in an “elastic” way). 



Is momentum always conserved? 

Or does that only happen when the 
objects stick together? 

Momentum is always conserved 
in any interaction between two objects, 
whether they stick together or bounce off 
of each other. This happens because each 
object experiences an equal-sized forces in 
opposite directions as a result of the collision. 
The same size of force always leads to the 
same change in momentum. 

So if one object’s momentum changes 
by +10 kg.m/s and the other object’s by 
-10 kg.m/s, the total momentum is still the 
same. The +10 and -10 add to zero when 
you add the “after” momentums together. 


So that happens because of a 
Newton’s Third Law pair of forces? 

Spot on! Newton’s 3rd Law and 
momentum conservation are two sides of the 
same coin. 

What if the football player had a 
collision with an advertising billboard 
that stopped him completely? Where’s 
the momentum conservation there? 

The advertising billboard is attached 
to the Earth, which has a huge mass 
compared to the player. As momentum is 
mass x velocity, the Earth’s huge mass 
means that the change in its velocity is far 
too small for you to notice. 


Put the collision might be at m angle 


The SimFootball team are really happy with what you 
told them about tackling, and write it into the game! 

But they soon realize that the problem’s more involved 
than they first thought. The players don’t always collide 
head on - sometimes they hit each other at an angle. 
And they don’t know how to deal with that. 


What you did is working out 
great... but the players don’t 
always hit each other head on. 


I 


Playcv-s sometimes hit 
o*thcv hcad-o^. 


Pi 





But sometimes *thcy run ’m 
a 七 d^les bc-f o\rc 

the tadklc happens. 




P 


< 


© 
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think about angles 


How are we gonna to figure out what 
happens if they hit each other at an angle 
instead of head on like before? 



Wken you draw 
a sketck, make 
sure you tkink 
about angles. 


You can’t use 
wkat you know oi 
Pytkagoras, sine, 



Jim: Well, isn’t momentum still conserved? We can figure out 
the total momentum before the collision just like we did before. 
This’ll be the the same as the size and direction of the players’ total 
momentum after the tackle, when they stick together. 

Joe: We can do that in principle ... but in practice it’s going to 
be difficult dealing with the momentum vectors if we add them 
together to work out the total momentum at the start. Look: 


A1oinf»Cr>-tuinr» VCd-fcoVS 
-fov 七 he iv/o playcvs. 


Momentum vc^*tov-s added Vosc-*to-*tail ; 
*to y/ov-k out *to*t3l momentum. 





To^l rwomc^-turw. 


Frank: But what’s the big deal? The vectors make a triangle - and 
we can deal with triangles! 

Jim: Correction ... we can deal with right-angled triangles. But 
that triangle sure ain’t right-angled. 

Frank: Oh yeah. When the players hit head on, we didn’t need to 
think about angles, because all the action was taking place along a 
straight line that ran from left to right. 

Jim: But can’t we just use Pythagoras etc? 

Joe: Pythagoras only works for right-angled triangles. And what we 
know about sine, cosine and tangent only works for right-angled 
triangles. I guess we could try to work out something that works for 
other triangles, but that sounds waaay hard. 


cosine or tangent 
unless your triangle 
is rigfkt-angflect. 


Frank: Hmmm, a triangle with no right-angles like the one we’re 
stuck with sure is awkward. 

Jim: I wonder if we could somehow flip things around so that there 
are some right-angled triangles .. 
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using forces, momentum, friction and impulse 


A triawglc with wo right angles is awkward 

The main problem with this collision is that the players are running in at 
different angles. You can add together the players’ momentum vectors to 
get the total momentum before the collision by lining them up nose-to-tail, 
like we’ve done here. 



Add rworwC^-turw vcd-fcoV"S -PoV 
the players"to - tail’. 


P 

Total 刀 


Hoy/ do you y/o\rk out "the si2^ 

a 灼 d div-edtioh o( -the *tot3l 

is / 七 v-ijh-t-a^jlcd? 


But the triangle formed by the players’ 
momentum vectors isn’t right-angled. This 
makes it difficult for you to calculate the total 
momentum. Pythagoras, sine, cosine and 
tangent only work with a right-angled triangle. 
A triangle with no right angles is awkward! 


Wouldn t it be dreamy if we could 
somehow break down that vector triangle 
into right-angled triangles that we can work 
with. But I know it's just a fantasy... 
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right-angled triangles 


Use component vectors to create 
some right-angled triangles 


1. You need to add together vectors at an angle. 



o 


II your problem lias 
two dimensions, tkink 
component vectors. 


You can redraw any vector 

as two component vectors 
at right-angles to each 
other. This is especially 
useful if you have to add 
two vectors together 
that aren’t parallel or 
perpendicular to each other. 


2. Turn each vector into components at right angles. 

Pll/r 



/o\a t^Y\ deal wi*th 

tv-ia^lcs. 


^2 



後 、 t used i\\t substv-ift 


used 七 he subsdmip 七 
u/d "to medrt 'up—dowjr> 

dompo 灼 e 灼 "t' 


3. Add together each set of components. 


Kcw ^ompo^C^*b vc^*to\rs 

-fov -the *to*tal 的 turn. 



To-tcil uf/dovm 
momentum 

~foicll Ic-Pt/V-ight 

dorvtpohCh'b 


Now work with the components! Use 
right-angled triangles to add together the 
up/down and left/right components of 
each momentum vector separately. 

This gives you the up/down and 
left/right components of the total 
momentum vector. 


Finally, you can make 
a new right-angled 
triangle out of the 
up/down and left/right 
components of the total 
momentum, and use it 
to calculate the total 
momentum (which 
will be the same before 
and after the collision) 


4. Add new components for total momentum. 


■ 

Adding the 

gets you -to the same 

addmg -togethev 
o\rij*mal vc^-fcov-s. 
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using forces, momentum, friction and impulse 


^^arpen your pencil 


Two players in the // SimFootbair , game collide in a tackle and grab on to each other. Their masses and 
velocity vectors are shown here: ^ - 110 kg 


a. Calculate the size of the momentum 
vector for each player. 



b. Draw a sketch to show the left/right and up/down components of each player’s 
momentum, and calculate the sizes of these components. 


c. Calculate the size and direction of the total momentum vector using your results from part b. 


d. What velocity do the players move with after the tackle? 
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what is the momentum? 


%|hdrpeii your pencil 

Solution 


Two players in the // SimFootbair , game collide in a tackle and grab on to each other. Their masses and 
velocity vectors are shown here: m = 110 kg 


a. Calculate the size of the momentum 
vector for each player. 


29.2 ( 




mV 




IlOx kg.m/s sd) 

lZ5x k^.m/s il sd) 


v, = 8.86 m/s 


b. Draw a sketch to show the left/right and up/down components of each player’s 
momentum, and calculate the sizes of these components. 


Jl/v 



tosCl^.V 二 


d 


ll/v- 


lu/a 


il/v 

Vv 




h 一 

T 7 WZ 1 .Z) 

0*5| k^.m/s (i sd) ri^lvt 


WZ 1 .Z) 


iu/d 

^u/d 




dos(ZZ. 午 ) 


d 




Zu/d 


Zl/v- 

Zl/v- 


脱 OS(ZZ. 午） 

HI k，/s (多 sd) lrf 七 


sm(2*2>. 午）二 


Zu/d 

Zu/d 


m = 125 kg 



o 


v 2 = 2.92 m/s 


o 


lu/d 


T 7 WZ 1 .Z) 

午口厶 k^.m/s sd) dowh 


o 


Zu/d 


从 5sm(ZZ. 午） 

I 別 k^.m/s Cl> sd) dovm 


c. Calculate the size and direction of the total momentum vector using your results from part b. 


Lrf*t/ vi ☆七 do 叶 ohCrrts: — 冬多 7 二午 k^.m/s vi^lvt 

Up / dovm dompor\Cr\*ts ： 午 7 石 + I 外二心 15 k^.m/s dov^m 

Si «： By Pythagoras, p z =- z + p /d z =• + 



W + 収二 0O2JcWs Cl sd) 


? Vv 二 51 午 k 9 ^ /s 



Dive 匕 *tioh: ^iver\ dholes dll rmedsuredi -fv-om "the horizjorrtal, so do 七 his *boo. 


*tar/0) 二 7 0 二 ^ 0 ( 冬 sd) 七 hg hovizjpyrbal, le-f-fc jo rif^h-fc. 


d. What velocity do the players move with after the tackle? 

=• -total r«ass =• \\0 + \Vo n 235 kg 

p =. mv v 二 I 二 二 多午 I 你 /s (多 sd) a 七 50.1° Cl> sd) -from *thc horizx>h*tal, lc-f*t *to 
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using forces, momentum, friction and impulse 



That was a lot of math to go through with all 
the component vectors!! 

It wasn't any more difficult than what you've done 
previously. It’s just that you had to calculate a number 
of sides and angles! But as long as you manage to 
organize your work so that you don’t get mixed up, you’re 
fine. Now you can handle component vectors and right- 
angled triangles, you have superpowers that let you deal 
with two-dimensional situations. 

How often will I need to do a problem involving 
momentum conservation like this one? 

You may not come across many problems exactly 
like this. But the general skill of being able to turn 
vectors at awkward angles into component vectors so 
you can add them together is one you can use again and 
again with any vectors. 

I was just thinking ... what happens if the 
players bounce off each other after the tackle? Then 
I’d have two momentum vectors to deal with after the 
collision! 


The programmer includes ZV 
momentum cowscrvatiow... 

The SimFootball programmer gets to work, and 
quickly codes up what you’ve learned about 2D 
collisions using momentum conservation. Now 
the players move realistically for the split second 
after the tackle ... 



... but the players keep on 
sliding for ever! 


Great spot! You’re right - this would be a more 
difficult problem, and you’ll need to learn about energy 
before you can solve it. You’ll come back to a similar 
scenario in a later chapter, so don’t worry about it for now. 

To add togfetker two 
vectors at diHerent 
angles，resolve tke 
vectors into components 
at ri ^jit-an 好 lej, tken 
actct togfetker tke 
components. 


Momentum conservation^ great 
- 1 just put it into the game. But now 
the players keep on sliding after the tackle. 
Sometimes they even go the whole length of the 
field before they hit something!. Is there 
anything we can do about that? 




What needs to be included in 
the game to stop the players 
just sliding on for ever? 
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friction opposes motion 


Iw real life, the force of frictiow is present 


Newton’s First Law says that an object will continue on at the same 
velocity unless acted on by a net force. At the moment, the SimFootball 
game isn’t finished, and the only way sliding players can be stopped is if 
they crash into the advertising billboards or a goalpost. 


So at the moment, the players just continue along at the same velocity 
after the tackle until they hit something. 


厂 N TK'is blo^k v-cpv-cscir^*ts i\\t 
I playcv-s slidm^ 七 yoimd. 


With f\o (oyCc, "the 

£。一一崎 





V 


V 



- ► 


- ► 


m 


m 


m 


In the real world, moving objects slow down and eventually stop because 
of the force of friction (symbol F fri ). Friction only comes about when 
two surfaces are in contact with each other, and the frictional force 
always acts to oppose motion. If an object is sliding along a surface, the 

frictional force always acts parallel to the surface. .. ^ 

*tKcvc is y\o -rvidtior^al -rovd 


object is 

sta*tior>avy> *tKcvc is v>o 
moVCmCi^*t *to oPPosc so 



Fv-idtio^al -Pov-^c artd vclodi-ty 
av-c m opposi-tc div-c^tio^s. 


FWt—l Uu \s F ci ^ ^ so Uu 

pav-allcMx> suv-W. [ causes object AtuMt. 



F 


fric 



k \J F 


V 

^ F 


V 

—► 


m 

^ Jfric 

m 

'fric 

◄— 

m 

m 



Friction always acts 

to OPPOSE motion. 

II an object is slitting 
along a surface, tke 
frictional force on it 

acts PARALLEL to 

tke surface. 


If the object is stationary, its velocity is constant (zero) therefore there 
is no net horizontal force. If no other horizontal forces are present, and 
therefore no friction if there are no other horizontal forces. 


If you start to gently push a stationary object, it won’t move, as friction 
always opposes motion. But if you keep on pushing harder, you’ll 
eventually manage to exert a larger force than the frictional force, and 
the object will move. 


No-one knows for sure exactly how friction works. It’s definitely a 
contact-dependent force, which you see when you try to slide one 
surface over another. Interactions between the surfaces act to oppose the 
motion until, eventually, the two surfaces end up at rest. But the exact 
nature of these interactions hasn’t yet been pinned down. 
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using forces, momentum, friction and impulse 



So we need to include 
friction in the game so 
that the players dotVt 
slide on for ever. 


Jim: How are we gonna calculate that?! I don’t know where to start. 


Joe: How about we think of all the things that might affect the size 
of the frictional force. We can be qualitative even if we don’t 
know how to be quantitative yet. 


Frank: Well, there’s the roughness of the surface for a start. I 
think grass and astroturf will produce different results. 


Jim: How about the mass of the players. 


Joe: Yeah, and the velocity they’re going at when they start to slide. 
Plus some football fields slope a little - that might make a difference. 


Frank: I guess we’d better have a go at being a sliding object, to 


see how each of these variables might affect the frictional force. 



BE . 咖槐兩 ecf 

Your job is to be a sliding object. We’ve 
drawn an experiment here tiiat you can 
do yourself - or you can put yourself in 
tire place of the sliding object / 
plaVer. Write down tire effect you 
tiling each factor will have on tire 
Size of {ke frictional force and ^ive 
reasons for your answers. 


Blodk slidm^ dlo^ 

the suv-Padc. 



Ca^ be sc 七 




a. Materials block and surface are made from. 


b. Mass / weight of block. 


c. Angle / slope of surface. 


d. Velocity of block. 
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be the sliding object 



BE. 輪 g 卜 SOLUTION 


Your job is to be a sliding object. We’ve 
drawn an experiment here tiiat you can 
do yourself - or you can put yourself in 
tire place of tire sliding object / 
plaVer. Write down tire effect you 
fliixiK each factor will have on tire 
Size of tire frictional force and give 
reasons for your answers. 


Blodk slidi^ alo^ 

七 he suv-Padc. 


Su\r-fa^c. 





a. Materials block and surface are made from. 

Some, sur-foidcs y/ilj. hayc more. . 七 .... 

pibex?：. P.U.ycy：?. slide. ； (Wih^r . 兔 y 概 ihn... 
如 . .astr.pt^-f. sp..-fprAe..is smalltv：：.... 

b. Mass / weight of block. 

The. heayiey spmc-th'mQ is^ -the h^y'dey. .•t. is -to 

slide；, as j^s . U pu?hc4. So a.. 

1 狄 5 饮 . .^^ss. Icdds. i<?.. 為 . U.v ： 5C!r. .-fy ： idiipn^| .^orcc ： 

c. Angle / slope of surface. 

The lay-gey ； the a^lc, the smaller -the 
^\rid*tiohal -fordCj, because 七卜 （jblodk ish^*t 
pushed .i.bc sujr-fade .so .irwudK-. 

d. Velocity of block. 

I*t’s di-f-fidul*t *(x> -tell wha*t rWW 七七 he vclodi-ty 
hds oy\ -f\rid*tioh wi*thou*t rmdk'rn^ more 
adduratc rwCasuVCinr\Ch*ts. 


tkereictre no 。 

Dumb Questi 9 ns 


So the amount of friction depends 
on how rough the surfaces are, right? 
Like, sandpaper on sandpaper creates 
a lot of friction, but there’s less friction 
with smooth surfaces? 

Not quite. As anyone who’s ever worn 
through their bicycle brakes may have 
spotted, there’s actually more friction with 
two perfectly smooth surfaces (steel on 
steel) than with sandpaper, or rubber brake 
blocks on steel! Friction depends on the type 
of surface, but not necessarily on roughness. 


But everyone knows that when you 
oil something (i.e. make its surface more 
smooth) then there’s less friction. 

Friction occurs when two surfaces are 
in contact with each other. Oiling introduces 
a layer in between the two surfaces, which 
increases the distance between them. 

Oiling doesn’t change the smoothness of the 
surfaces themselves. 

Friction is a contact- 
dependent iorce. 


What about something moving 
through the air? It’s not close to any 
surfaces, but it still slows down. 

That’s mainly air resistance, which 
isn’t quite the same as friction. The force 
of friction experienced by an object sliding 
across a surface actually doesn’t depend 
on its velocity. But the resistive force 
that something moving through the air 
experiences increases when its velocity 
increases, as the faster it goes, the more 
air molecules it has to ‘push aside’ every 
second to make progress. 
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using forces, momentum, friction and impulse 


|-f youVc ^o*t 
*thcv-c ; s y\o attempt at 

motion ^o\r 3 匕 *ti 。 灼 al 

^oYtt *bo oppose- 


It seems harder to start something moving than 
it is to keep it moving. Is that because friction^ 
different when you have a standing start? 

^****— _— 


Static friction and kinetic friction have 
different values for the same object. 

Static friction is the force you need to overcome to 
get an object to start to slide across a surface. 

If you try to push a stationary object along a surface, 
the static friction force opposes what you’re trying 
to do until you push with a greater force than the 
maximum amount of static friction which can exist 
between that surface and that object. 


0 



l-f you push art c<\ual- 

si«d staiid -p\ridtior> fo\rU 
opposes what you io do. 


|-f you fush hav-dev- *tha^ *thc 
maximum possible s*ta*tid -Pv*id*tio^, 
you CBy\ s*ta\rt *tV>C objcd*t movm} 





^ ml 


The 七 一 ^ 

•m i\\t *Uo 

f'it*tuvcs IS ZjCVO. 

Nwtoh’s U 七 Lav/ says 

v/ill 

a tcms*ta 灼七 Mt\ot\bi 
unless *t^cvc »s a v\t{, ^ 一 ^ 


^tco Y\t{, (ortc 

velocity. 


S ir^OW d 

*to the 


weight 


Kinetic friction is the force you need to overcome to 
keep an object moving. If an object is already moving 
and you push with a force equal to the kinetic friction, 
the object will move with a constant velocity, since 
there is no net force. The amount of friction doesn’t 
depend on the object’s velocity. 


normal 





push 




weight 


Static friction is greater than kinetic friction between the 
same two surfaces. So you need a larger force to start 
something moving than you need to keep it moving. 


If tke parallel 
component ol tke 
puskingf iorce 
and tke kinetic 
friction are equal 
in size，your otject 
will move witk a 
constant velocity, 
since tkere is no 
net Iorce. 
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friction depends on... 


So there are grass and astro fields in SimFootball. 

We need to be able to calculate the friction for each so 
that the game knows how the players should move. 



Frictiow depends oh the types of 
surfaces that arc mtcractlwg 


The frictional force that a moving object (such as two football 
players sliding after a tackle) experiences depends on the nature 
of the two surfaces that are interacting. In physics, this is / 

expressed by the coefficient of friction, //. The greater the 
value of the greater the amount of friction. Values of can 
range from around 0.05 for two teflon surfaces to around 1.7 for 
a rubber tire on a road. 

For the football pitch surfaces, // = 0.8 for astro and // = 0.5 for 
grass. So you can see that the frictional force as the players slide 
along astroturf will be higher than the frictional force from grass. 


jA is the lc*b*tcv 

and is 'mew - 

Tke largf er 
tke coeHicient 
ol friction , ， 
tke larger tke 
frictional iorce. 


Frictiow depends oh the normal force 


The frictional force that a moving object experiences depends on 
how much the object is “pushed into” the surface. This is another 
way of saying that friction depends on the normal force that a 
surface exerts on the object. The greater the normal force, 
the greater the amount of friction. 


The equation for the size of the frictional force experienced by an 
object is. Coe-f-fitiefct o( •(Vifrtioh 

Fv-it*tio^al (ortt r m 

fric 




Kov-mal 


This is just an equation for the size of the frictional force. F frk 
will always oppose the direction of motion (or attempted motion) 
parallel to the surface. So to get the direction of F fric , you need to 
look at the velocity of the object (for kinetic friction) or the parallel 
component of a pushing force (for static friction). 


When you know the direction of you can use F net = ma 
to calculate the players’ acceleration. You can then use the 


acceleration in equations of motion to see how the players move. 


Tke larger tke 
normal force, 
tke larger tke 
frictional force. 

This applies *to sizjg. 

The ^o\rmal ^oYtt is 

perp ⑶ di 匕 ula\r the 

-rv-ittio^al is parallel- 
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using forces, momentum, friction and impulse 


Pe careful when you calculate the normal force 


The normal force is always perpendicular to a surface. It 
should be the last force you add to a free body diagram, as it is 
the force exerted by the surface on an object so as to make the 

net perpendicular force equal to zero. 



|-f -fov-dc 2 jCV-o, 

objcd*t would dvash su\r-fadc； 

buv-\rov/ 'm*to suv-fadc ov boimde suv-fadc- 


If surface is horizontal and there are 
no other forces acting on the object 
then the normal force is exactly the 
same as the object’s weight. 


F 


N 


Opposite 

div^tio 灼 • 

h> vclodi*ty 



l-f suv-fadc is 

a*t -the 

normal -fovdc is 
dUo d 七 d 灼 
as i*t is always 
pcv-pc^didulav. 



If there are other forces acting on 
the object (for example, a player 
may be pushed into the ground 
by another player), then you need 
to ensure that you draw on the 
normal force so as to make the net 
perpendicular force equal to zero. 


Nfovmal (ortt mus*t 
make pcv-pc^di^ulav- 
-fov^cs — ZjCVO. 


Tke normal iorce 
ensures tkat tke net 
iorce perpencticular 
to tke surface is zero. 


Fvidtio^al -fovdc 
is lavjcv- 

bc-fovc, as 灼 ovmal 

(ortt is lav-jev-. 



f 


is *thc same siic 
aS + F ‘ 


N 



\ortt pushmg 
blo^k *m*bo suv-fa^c- … 


extra 



weight 


You dl\reddy kr\oy/ how *to 
dalduld*te *thc normal -fovdc when 
By\ obje 匕七 is 。灼 a slope- 


If the object is on a slope then you’ll have to 
work out the perpendicular components of 

all the forces acting on the object. Usually, this 
will just involve the object’s weight, but it can 
sometimes involve extra forces if something else is 
pushing or pulling the object. 

If there are other forces with perpendicular 
components in addition to the weight, you’ll need 
to calculate the size of the normal force that 
makes the net perpendicular force equal to zero. 


t0y ° U acceJ eratingdow„ tCsW ^ " * e " et f -ce that 
Time to get on TV... 


FVpchdidulav 

^ompohCht is 
same siic as 
hov»»»aJ -Pov^c. 


Perpendicular^ 
component 1 


z , 

f force 


S “ -t^riahglcs 
、 ^cah that these 
^^Ics a\r C -the 

SizjC-. 


'height : 


componen^y 


you are nere 




























frictional force 



Almimum 

pv-cssu\rc 


O 


Uh, are you trying to tell me that friction only 
depends on p and F N and not on the surface area? 
Sorry, but thafs ridiculous! There must be more 
friction if there's more contact! 


Frictional force doesn’t depend on surface area! 


Since friction is a force that depends on contact between two 
surfaces, it seems logical to assume that you will have a greater 
value of friction when the surface area is greater. 

But think of it this way instead. If you have a flat-sided brick, 
there are three different ways you can put it on a flat surface. The 
normal force is always the same each time, since the weight of the 
brick doesn’t change. So if you maximize the contact surface area, 
you might think that the quantity of friction will increase. 


yviaWw'uwv coy\\^cM 
suv-fatc av-ca 





hlovmsl -fovdc doesr / 七 
depend oy \ how 七 he 
bv-idk is si-ttmj. 


suv-fa^c av-ca 


However, if you increase the surface area, you also reduce the 
pressure (force per bit of area) that the brick exerts on the surface. 
So the brick with a large contact surface area won’t ‘dig in’ to the 
surface as much as one on its end - in the same way as flat-soled 
shoes don’t c dig in’ to a surface as much as high heels do. 

It turns out that these two effects - increasing the surface area and 
reducing the pressure - exactly cancel each other out when it comes 
to their effect on the frictional force experienced by the brick. The 
frictional force depends only on the coefficient of friction and the 
normal force, i.e. F frk = juF^ 



pv-cssuvc. 


Tke frictional iorce ONLY Jepencts on tke 
coeHicient ol friction and tke normal iorce* 
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using forces, momentum, friction and impulse 


You're ready to use frictiow iw the game! 

You should start any problem that involves forces with a free body 
diagram. This is even more important if friction is involved. Remember 
that friction always acts to oppose motion, so you need to think about the 
object’s velocity to get the direction of the frictional force. 

Think about which direction the object is accelerating in (if any). 

If it isn’t accelerating perpendicular to the surface, then all of the 
perpendicular force components will cancel each other out so that there 
is no net force in that direction. The value of the normal force will be 
whatever makes the net perpendicular force equal to zero. Look at the pidtuves 

o 灼 page i-f iW\s 

sounds 



II a problem 

involves iorces ， 
start ty 
drawing a free 
hody ctiagram. 


«^harpen your pencil 


After a tackle, two players with a combined mass of 215 kg slide horizontally along the ground with an 
initial velocity of 3.70 m/s. 

How long does it take for them to come to a complete stop on a. Astroturf (" = 0.80) and b. grass (ju = 0.50)? 


Hirrt: Use 七 he hov-^al ^oYtt to daltulaic the -fvid-tiohal 
-fovde. l/Vov-k ou-t a^clcv-atioirv that the -fv-id-tio^al 
-fovdc pvodudes US*m^ f* ^ — m3. use "the 
dhd C^u3"tioirvs of motion *fco £.3kul5*tc 七 nrwe. 


W’mt: Dv-a>w a body diagram "to 
y 七 the -forces \righi. Dva>w a separate 

skc*tdh *to use >wi*th c^u3*tiohS o-f mo*tioh. 


you are here 
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include friction 



rpefi your pencil 


Sol 


penci 

ution 


After a tackle, two players with a combined mass of 215 kg slide horizontally along the ground with an 
initial velocity of 3.70 m/s. 

How long does it take for them to come to a complete stop on a. Astroturf (ju = 0.80) and b. grass (ju = 0.50)? 


Free body diagv-a^ 



Divcd*tioy\ of 
vclodi*ty 


*to \wo\rk ou 七 Use F ^ ma *to y/o\rk ou 七 
addelcra*tioh c<\ua*tiohs o-f inao-tioh -to yt *t- 








/S Vclodity Kelps you 

^ - - see divcd-tioi^ 


A 二 W 


p The m 七 -fovdc is 

P -fv*ld*tl0^dl -fovde. 


a 


E^ua*tiohS motion skc*tdh 


V 


a 二約 



V 


o 


-3.7 m/s a. For as*bro : 七 


v 二 O m/s 


Ri^lvt *to lc-f*t is positive. 

^~ Choose a positive 

a^d v/rtli it 


b. For grass ： 




_ 的 . 

- n 

Vf\ 

Vf\ 


二、 + a 七 

0 


丄 v - 

七二 — 

1 a 

n 

V — V 

二 - 0 Z 

n 

o - (- zno) 

" 0.00 X 一 

0 .午 7 s (Z sd) 

V — V 

二 - o - 

-0 - 

uino) 

0.1i> s (Z sd) 

n 

030 X 


Including frictiow stops the 
players from sliding forever! 

You explain to the programmer that 
the players sliding along a surface will 
experience a frictional force that opposes 
their current velocity, with size F fr ， c = //F N . 

When he includes this in the game, the 
players stop sliding endlessly, and come to 
a stop like you’d expect them to in real life. 

Which is great! 
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using forces, momentum, friction and impulse 


The sliding players are fiwe - but 
the tire drag is causing problems 

Soon, the SimFootball team have another problem that 
involves friction. In training mode, the players can run 
dragging a tire behind them. 




Tivc is 

alo% ^rowr»d 


Rope is tied 
vouhd the 
flayc^r^ y/ais*t 


The programmer’s tried working out 
the weight of the tire and making the 
normal force the same size as the tire’s 
weight to calculate the friction. But 
the computer-generated players aren’t 
behaving the way the programmer 
expects them to. 

The frictional force that the game 
calculates appears to be larger than the 
frictional force actually is is in real life. 


We used the tires weight to 
calculate the normal force. But the 
game doesn’t produce the same result as 
an experiment we did where we actually got a 
player to drag a tire. You can figure it out 
so we can fix it, right? 


0 





What could be behind the game calculating 
too high a value for the friction? 


you are here ► 
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parallel and perpendicular components 


So the frictional force doesn’t come out right 
when you say that the normal force is equal to the 
weight of the tire then use that to calculate the 

mF n . Hmmm. 


size of the friction with F fric = 



Jim: Do we have the right value for //, the coefficient of friction? 
And is the field totally flat? 


Joe: Yeah the game’s using flat astroturf, and the experiment 
involving the real player was done on astroturf too, with no slope. 


Frank: I guess we’d better do a sketch - we might have some more 
ideas about what’s going on if we can actually see this. 



Jim: Ooh, the rope’s tied to the player’s waist, isn’t it? 

Joe: Yeah, the force that the player exerts on the tire via the rope 
acts at an angle. 


II iorces act at 
angles，tkink about 
resolving tkem 
into components 
tkat are parallel 
and perpencticular 
to a surface* 


Frank: Will that make the normal force different somehow? 


Jim: I think so - the player’s kind-of pulling the tire up as well as 
along. Look at the components of the pulling force: 


tto\rizx>h*tal 

o-P -Povdc C>cc\rtcd oy\ 

tiv-c by playcv via v-ofc. 



pullih^ 

sdr^e as vopc- 

~ Vcvtidal 


Joe: The rope’s supporting the tire vertically as well as pulling it 
horizontally. The normal force will be smaller than the tire’s weight. 

Frank: So how do we work with that? 


Jim: Well, the tire’s weight vector points downwards. The vertical 
component of the force from the rope points upwards. And the 
normal force points upwards. The tire isn’t rising or burrowing 
down - there’s no net perpendicular force. So the tire’s weight, the 
vertical force from the rope and the normal force must add to zero. 

Joe: And the tire’s moving horizontally with a constant velocity, 
so the frictional force and the horizontal component of the 
force from the rope must add to zero, so that there’s zero net 
horizontal force. Or else the tire would accelerate. 
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using forces, momentum, friction and impulse 


^|^arpen your pencil 


A football player has one end of a rope tied around his waist; the other end is attached to a tire. The programmer 
has done a brief experiment involving a real player and tire, and wants to calculate the force that the player 
exerts on the tire via the rope so he can use it in the game. 



a. Draw a free body diagram of the tire when it is 
dragged along the ground with a constant velocity. 
Use F r to represent the force that the player exerts on 
the tire via the rope. 


Voy\ t f u*t OY\ 
叫 values yrt, 
\us*t dv-av/ 
(ortt vc^*tov 


a\rv*ov/s a 灼 d 

say v/hat they 


b. Draw a new sketch showing the horizontal and vertical 
components of all the forces acting on the tire. 


c. Use the vertical components to work out an e. The tire has a mass of 10.0 kg, the rope is 2.00 m long and 

equation for the normal force, F N . the player’s belt is 120 cm above the ground, which is astro 

with ju = 0.80. Use your equation from part d to work out F r , 
the force that the player exerts on the tire via the rope. 


d. Use the fact that the frictional force, F fric = pF N to 
arrive at an equation that only involves the components 
of F fric , the mass of the tire, the coefficient of friction 
and g, the gravitational field strength. 


you are here ► 
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the tire problem 


%|hdrpen your pencil 

Solution 


A football player has one end of a rope tied around his waist; the other end is attached to a tire, the programmer 
has done a brief experiment involving a real player and tire, and wants to calculate the force that the player 
exerts on the tire via the rope so he can use it in the game. 

b. Draw a new sketch showing the horizontal and vertical 
components of all the forces acting on the tire. 


a. Draw a free body diagram of the tire when it is 
dragged along the ground with a constant velocity. 
Use F r to represent the force that the player exerts on 
the tire via the rope. 

Fov-dc 

/Vovnaal 


A 


rope 


Rope vcvtidal 

At ，一 


<- 

FVidtioh 

-fovdc F 









l/Vcigh*t =■ mg 


OY\ 


Frid*ti 

force F* 




Rope hori2x>h*tal 


-Pv-id 


nI/ 


l/Vciglvt =■ ^ 


c. Use the vertical components to work out an 
equation for the normal force, F . 


Up is positive div-cd*tior\. 
No r\C*t -fov-de so F w + F - 


e. The tire has a mass of 10.0 kg, the rope is 2.0 m long and 
the player’s belt is 120 cm above the ground, which is astro 
with ju = 0.80. Use your equation from part d to work out F r , 
the force that the player exerts on the tire via the rope. 


F 


N 


一 nn(X 

•y 

一 


O 


Rope dis-tahde -triable 2. 0 ^ 
ar\d -fovdc -triable arc 
sinr\ila\r *briar^les. 



I.Z 





v-v 


F 


d. Use the fact that the frictional force, F fric = |jF n to 
arrive at an equation that only involves the components Similar 
of F # • , the mass of the tire, the coefficient of friction 

fric 1 1 

and g, the gravitational field strength. 


By Pythagoras, + I.Z z 

F 




% =i l.i 


rv\ 


■triangles ： 


Thcv-^s zjpro Y\t{, 

Rijh*t is 七 he positive dircd*tioh. hov-izjo^tal (ortc 
Cor\s*tar\*t vclodi*ty so F + (- P 


l.z 

1L 二、 ■ 一 _ 

F 一 l.o 

V 

F. 


7 \rv v 








F 


-Pv-id 




Bu 七 also - iaF h - / 州 3 — fj 

^ 〆” 一己 ） 二 P 


5= 


F l.o 

^ - =■ 0.00F 

3 - 0.i>0 y!f =. 0.00 

二 ? + 0.00) 

Y 0.90 X 10 X ^.0 

二 oiOy + 0.00 二 (0.i>0 X 0.90) + 0.00 




F =1 il N (z sd) 
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using forces, momentum, friction and impulse 


Using components for the tire drag works! 


Now that the programmer knows how to calculate the 
normal force, there’s no stopping him, and the parts of 
the game that are affected by friction are soon in place. 


Thafs, like, totally awesome! 
Weve got everything covered 
that might be affected by 
friction now. Sweet! 



And as well as sliding players and dragging tires, the game 
can even deal with dragging tackles! 


What do I need to know in order to 
calculate the force of friction? 

The equation for the size of the 
frictional force is F fnc = "F N . So you need 
to know the coefficient of friction for the 
surfaces you have, and the normal force. 

How do I find out what the 
coefficient of friction is? 

You can look it up in a book or on the 
web. And if you’re taking a test, fj will either 
be something you’re given or something 
you’re asked to work out from the values of 
various forces. 



How do you get the normal force? 

The object isn’t accelerating into the 
surface, so the perpendicular components of 
the forces acting on it must add to zero. The 
normal force will have the value that makes 
this possible 

I’ve noticed that an object travelling 
at a constant velocity has come up more 
than once. Is there a reason for that, and 
what’s the best way of dealing with it? 

There are many situations where you’d 
want something to travel with a constant 
velocity. A constant velocity means that 
there’s no net force on an object (Newton’s 
1st Law) - you'll be fine if you remember this. 


Q/ What if there is a frictional force 
acting on an object? How do you get a 
situation where there is no net force? 

Either by pushing or pulling the object 
with a force equal to the frictional force, or by 
tipping the surface to a greater angle, so that 
the normal force (and therefore the frictional 
force) is smaller, and the component of the 
object’s weight accelerating it down the 
slope is greater. 

Does the tire experience the same 
frictional force when it rolls? 

No. It experiences a relatively small 
amount of rolling friction, due to the part of 
the tire in contact with the surface deforming. 


you are here ► 
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friction exposed 



Fviciton 

This week’s interview: 

Getting to grips with friction. 


Head First： So, friction, you’re a bit of an enigma, 
aren’t you? Like, no-one really knows where you come 
from. What’s your take on that? 

Friction： Yeah, it’s true that people don’t really know 
why I’m around. But the important thing is that I’m 
here! 

Head First： But you’re a bit of a stick-in-the-mud, 
aren’t you? You always oppose everything! 

Friction： It’s true that I always oppose motion, but 

it’s not something you should take personally. 

Head First： And you’re a little without direction, 
aren’t you? I mean, you always depend on what 
everyone else is doing! 

Friction： OK, well I guess that’s true. Because I’m 
a force that always opposes motion, I don’t actually 
appear until something actually moves, or tries to 
move. But as long as you’re watching closely, that 
shouldn’t be a problem. 

HeadFirst: So are you in surfaces all the time, just 
hiding and waiting to come out? 

Friction： Not at all. I’m just not there unless 
something’s moving or trying to move. 

Head First： You’ve used that phrase “moving or 
trying to move’’ a couple of times now. What do you 
mean by it? 

Friction: Well, I come in a couple of different 
varieties. If you’re already moving, the force that 
opposes this motion is called kinetic friction. 

Head First： Why is it called that? 

Friction： Kinetic means “moving ”！ 

Head First： And what if an object’s stationary then 
someone comes along and tries to move it? 


Friction： Then there’s static friction. I guess the 
two surfaces have longer to interact with each other 
because they’re stationary, and so the frictional force 
you have to overcome is greater. 

Head First： But kinetic friction doesn’t depend on 
velocity, right? 

Friction： Right. That’s why having a mental picture 
of “bonds forming and breaking’’ or something like 
that can be misleading 

Head First: So what’s this about you and the normal 
force? 

Friction： I was wondering when that would come up! 
I can only oppose motion if two surfaces are actually 
touching. And the more they’re “pushed together” the 
larger the frictional force between them. The normal 
force is a measure of how hard the two surfaces are 
being “pushed together.” 

Head First： And how might the normal force vary? 

Friction： If the surface is at an angle, and there are 
no other forces present, then the normal force will be 
less than the weight of the object. 

Head First: Is it only the angle of the surface that 
affects the normal force? 

Friction： No - if there are extra forces acting on the 
object as well as its weight and the normal force, then 
the perpendicular components all have to add to zero. 

Head First: Why is that? 

Friction： If the object isn’t burrowing into or 
bouncing off the surface, there’s no net perpendicular 
force. So the perpendicular components of the forces 
acting on the object have to add to zero. The normal 
force is whatever it needs to be for that to be true. 
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Question Cliwic: The "Frictiow" Question 




The normal ^ortt a 匕 *ts 

pcvpc^di^ulav- *to the 
su\r-fa^c — so you II >r\ccd 
■to *tu\r^ a”y vc^'tov* 

pcvpchdidulav or parallel 

*to *thc su\rfa 匕 e m*to 

^ompo^c^*ts* 


■^Somet 


\mes, you will be presented with a problem where 


friction plays a vital role. The main thing in this type of problem is to 
work out the normal force (which you can then multiply by (j to get the frictional 
force) - so always start with a free body diagram. NB ： This example question has 
these 'intermediate steps' filled in for you; in other questions you may need to carry 
them out unprompted as you home in on your final answer. 


l-f the overall velocity is ^onsta^-t (ov~ zjero), 
七 his med^s -that is fordc 

oy\ the ob'edt. 


Fv-it*tio^ always opposes motion, so the 
•(Vid ： ioir\al (orU will be m *thc opposite 
diV"Cd.*tio^ -fv-om *thc vclodity. 


" attach to a rope is dragged ^ng the 9^^^ 
is Astroturf with M = 0 j — 

b Dralhthecomponentsparallet^WH^i^。f :如 
exerts on the tire via the rope. 

Use the parallel components to work out a value for F. 


/\s the normal (ortt depends all o-P -the o-thev* (ortc 
tompo^c^ts fCV-fC^di^ulav- *to *thc su\r-fa^C it ^ccds {p 
bala^e -them all so -that the 於七 (oy-tc m *thc di\red ： io 灼 
is zjtV'o), it should be *thc last you ^aldulatc- 


is to^sta^*t (ov* zjCV-o) *thcv-c is 
hC*t (o^Ct \v\ divc^tioh, i c- dll the 
mus-t add uf *to ZjCV-o. 


An important thing to remember when doing 
problems that involve forces is that constant velocity* 
is shorthand for 'no net force. Usually, this means that the 
frictional force will have the same size as the component 
of the force thafs causing the object to move. 






















kick the football 


How does kicking a football work? 

So the game’s nearly complete ... but the SimFootball team 
want to make kicking the football as realistic as possible. 
They’ve got their hands on some freeze frame footage - and 
have worked out the ball’s velocity as it heads for goal. But 
they need you to work out the average force of the kick so 
they can program it in 

But how are you going to do that when you don’t know the 
ball’s acceleration, can’t use F = ma? 

J net 


I took some freeze frames of 
someone kicking a football. I 
hope they II help us work out how 
to put it into the game. 


The -Pvamcs av-c ZA 
rwilliscdohds apav-t 




Fi\rs*t is hcv-C. 







Last is hcv-c. 





What might you be able to do with the images 
to work out the average force that the ball 
experiences when the player kicks it? 
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using forces, momentum, friction and impulse 



Well, thafs easy. We 
just use Newton's Second Law: F ne+ = ma. 
We know there must be a net force on the 
football, because in one frame ifs sitting still 
and in the next ifs moving! 



Jim: But we don’t know the football’s acceleration - we only 
know the velocity that it takes off with. 

Frank: Hmm, good point. 

Jim: Gan we somehow use the freeze frame footage to work out the 
acceleration? 

Joe: I think that’s gonna be difficult. The ball deforms when it’s 
kicked, then expands to its normal shape again. Which part of the 
ball would we use to work out the acceleration, when different parts 
are moving in different ways?! 


Eav-licv- oy\, you vcv/vo*tc 

ov^mally v/ovkcd \i out A 

£.ov\SCV"va*tior\. \J/ 


of momentum: 

. Rate o-f Aa 呼 


during the time 


that the force 




as: 


But you already know 

acceleration. 

So you can rewrite your equation as: 

F = m 
This is the form 


m is 

that I，the rate of change of velocity- 


of Newton's SecondLaw you'll use on your 


course. 


Ncv/*to^s £cdoy>d Lav/ 
•m its puv-cs*t -fovm is ： 



己 ， I 


Frank: But we can use the freeze frames to work out the time 
that the foot’s in contact with the ball for. It looks like it’s around 
10 milliseconds... if we can use the time, it might help us somehow. 

Joe: Oh ... hang on! Newton’s second Law isn’t actually F n t = ma, 
is it? In its purest form, it actually says that when you apply a force 
for a period of time, then it causes a change in momentum. 

Jim: So you’re saying that we can use F ne = Ap (where p = mv)? 
That’s cool: momentum is mass X velocity, and we know what both 
of these are for the football!. 

Frank: And we can get the time of contact from the freeze frame! 
That’s the time that the force acts for, isn’t it? 10 milliseconds? 

Jim: Yeah, that sounds good. Though the force doesn’t look like it’ll 
be the same all the time. I’m sure the middle of the kick exerts more 
force than the start or end of it... 

Joe ： But we’ve been asked to find the average force. When 
we were finding average speeds it was only the overall change in 
position that counted. So with the football, we can use the overall 
change in momentum to work out the average force. 

Frank: So we are using Newton’s Second Law like I suggested all 
along - but just a different form of it. 

Jim: Yeah. Gome on - let’s do it! 
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impulse 


FAt is called impulse 


You can work out the force of the kick using a slightly different 
form of Newton’s Second Law ， FA/ = Ap. The quantity FAHs 
also called impulse, and the equation says that impulse is equal 
to the change in something’s momentum. 

If you have a problem where your first instinct is to use F net = ma 
but you don’t know the acceleration, look to see if you know the 
mass and velocity at the start and at the end. 


If you do, you can work out the change in momentum, which is 
equal to the impulse, and then get the force from that. 



ball (or time 


So, run it past me again - what are the 
differences between acceleration, force, momentum 
and impulse? They all seem kinda similar ... 



Tiic rworwCir\*turw o-f 

pav ■七 m 

is do^scvvcd- 



Momentum = mass x velocity 

v-. Symbol ： p 

Symbol ： a 

^ Tke acceleration is tke rate oi 
y hcsc 代 1 少 a by ckanjofe oi an otiect^s velocity. 

the c«\uatio^ r — ma ° J J 


V Symbol ： F*^\ 

Tke force is tke 


rate oi dkange 


1 ( you apply a >> ol an object’s momentum. 

■fov- B shov 七 "tirwc, you 


irwC, you 

jet a srwallcir m 

rworwChiurw i-f you 

pply _ 七 -Pov a I 。％ -time. 


a 



At 

c%cv-*ts 


duv'm^ 
rts -Po' 


>wiVidh i 七 

v-dc F* oy\ *i*t- 



Tke impulse is tke actual ckang[e ' 


in an object’s momentum. 


Some people jivc impulse *thc 
symbol J, ethev-s dor / 七 
bo*thc\r v/i*th d symbol- 


Af also {p be 

dollied impulse. /W you 
da 的 >wvi*tc Ao^iy\ 

c^uatio^ F At — Af 
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using forces, momentum, friction and impulse 


our pencil_ 

a. The programmer wants to know the average force of the kick. The football has a mass of 400 grams and 
from the freeze frames, you can tell that the foot and ball are in contact for 10 ms (milliseconds). If the ball 
leaves the boot at an angle of 45° and travels 60 m, work out the force of the kick. 

Hint: 45° is when the horizontal and vertical components of the ball’s velocity are equal. 

Hint: Use equations of motion to calculate the initial velocity. Look back at pages $$-$$ of chapter 10 if you 
get stuck, as the problem there is very similar. 

Hint: Once you know the initial velocity, you can use FAf = Ap. (Remember that p = mv) 



b. Experiencing a large net contact force hurts! Explain, using impulse, why football players wear padding. 
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average force 



a. The programmer wants to know the average force of the kick. The football has a mass of 400 grams and 
from the freeze frames, you can tell that the foot and ball are in contact for 10 ms (milliseconds). If the ball 
leaves the boot at an angle of 45° and travels 60 m, work out the force of the kick. 


Hint: 45° is when the horizontal and vertical components of the ball’s velocity are equal. 

Hint: Use equations of motion to calculate the initial velocity. Look back at pages $$-$$ of chapter 10 if you 
get stuck, as the problem there is very similar. 


Hint: Once you know the initial velocity, you can use FAf = Ap. (Remember that p = mv) 

Use FAt 二 Ar«v *to y/o\rk ou*t 七 he So y/ork ou 七 m'rbidl vclodi*ty> -fvom t>0 

午 5 。 so 、二 Pythagoras ： =i + 

X 





V 


z 


o 


Zv 


Om 


V 


Om 






a =■ -^01 m/s Z 


% 

o 

% 


0 m 

t>0 m 


UP is positive 

is positive 


Symmc-tv-y ： Reflate v ; W\i\\ 
-V Q m cvcvy c<\ua*t'ior\ you use 

*time -from vcvti^al dompoherrt, dis*ta^c *m 七 -from ho\rizx>r\*tal- 

\/c\rti^ally : v 二 -v^ bedduse of symme-tv-y. Use *this m c^ua*tior\ of motion: 

v 二 m + a*t Negative divided by 

f negative is positive. 



+ at 

Ov 

—V 一 M 

Om Om 


a 


一 Zv 



Ho\rizx?yrbally : v 
avc the same 

siz_c. irijlvt - 扣 gled 

v/ith tv/o e^ual 午 5 。 二 

3^jlcs has -tv/o e^udl sides. 

Multiply bo*tK ^ v 2. 

法 s by v ov ° v 

From 午今 0 •brijj^Ut \i q v 


% — % 


o 


Use this value -Pov- 
七 y/ith hohzoK^I 
donr»po^cr>-t velocity. 


iO - O 


O.ZO 午 


V 


Om 




Thcvc^s a v Oh botli 
sides, so you ddKt solve 
*fo\r v ， dr)d 灼 -Poir v. 


2/J 午 ： ^ v — 171 m/s (Z sd) 

Ov 




v 


o 


pNm 二 Z^.Z r^/s il sd) 


TKis is dorrta 匕七 tiw'C 
-fov -foo*t d^d bdll> v>o*t 


me* 


Rcarra 


FAt =■ Ar«v -to get F ： 


The average -fovdc c^f -the kidk is T?0 M (Z sd). 


P 二 


Fovdc is rwcasuv-cd ^ 
m Ncv/'to^s. 
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using forces, momentum, friction and impulse 


b. Experiencing a large net contact 
force hurts! Explain, using impulse, 
why football players wear padding. 


l-f you have vclodi*ty v a^d arc 
-bddkled so 七 your -f mal 
velocity ― Of your 
hds -f\roinr\ n\\ / {jo O. /\hd 

Ncwbo^s Sedor\d Lay/ / impulse 
says -that FAt =■ ^ 

l-f youVc y\o*t padd'm^ 


-this happens over d sho\rt 
time. So P is dr\d rb huvts. 


l-f youVc wcarm^ pddd'm^ 

■this happens over d lor\^c\r period 
o-f as 七 he padd'm^ deforms. 
So F is lower 七 han i^f you 

y/e\rC 七 y/cav'm^ ar\y padd'm^ a*b 

all ar\d i*b hurts less. 


If a collision takes 
more time, tke 
average lorce is 
lower - anct it 
liurts less! 



Dumb Quest! 


ons 


So why does this thing 
have the special name “impulse"? 
Why can’t I just call it “change in 
momentum” like we’ve been doing 
all along? 

Because “impulse” is what it’s 
called! If you understand how it works 
that’s great - but you need to be able 
to communicate with other people who 
call it impulse. 

But if I explain what I mean, 
won’t they get it? 

If your exam question asks you 
to explain something using impulse 
(like the question about padding did) 
then you need to know what impulse is. 


Yeah, the question about 
padding. Surely padding works 
because it absorbs some of the hit 
so you don’t feel it as much by the 
time it gets to you? What does that 
have to do with impulse? 

You just said “the time it gets 
to you”. If the interaction takes place 
over a longer time, the average force 
is lower. 

What does that have to do 
with it? 

Big forces hurt! If you were 
wearing a suit of armor instead of 
padding, it wouldn't deform. The 
collision would take the same time as 
it did before, and it would hurt just as 
much. 



Hey ... I think we re all done! The 
players can, pass, tackle, drag a tire, and 
kick - plus nothing slides on for ever, 
r X-Force Games - here we come! 


here ► 505 













moonball 


The game's great - but there's 
just been a spec change! 

You and the SimFootball team have come up with 
a realistic game that’s also fun to play! Big win! But 
before you all collect your VIP passes, the GEO takes 
a look at the game - and decides he wants to have a 
mode where you can play football on the moon! 



The strength of the moo^s gravitational 
field is lower then the Earth's 

The moon is smaller and less massive than the Earth, so the 
gravitational force it exerts on objects is less, which means its 
gravitational field strength is less. You need to work out how this will 
affect the physics of the game 


The players will be in a pressurized dome where there’s plenty of air, 
so you don’t need to worry about anything medical! 





How is being on the moon going 
to affect the game (if at all)? 
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using forces, momentum, friction and impulse 



Which aspects of the game will change as a result of being on the moon and which will stay the same? 
The SimFootball programming team have already had a go at guessing what will happen - and you 
need to decide whether each of these statements is correct or not. 

If you think a statement and the reasoning is correct, please explain why, using physics. 

If a statement is incorrect, or an incorrect reason is given for a correct statement, then please explain 
why using physics - to debunk the myth! Use relevant equations wherever you can. 


a. The ball will go further when passed horizontally because it weighs less so is easier to throw. 


b. The ball will go further when passed horizontally because it weighs less so spends longer in the air. 


c.The ball will go further when passed horizontally because the gravitational field strength is less. 


d. There will be less friction in the game so the players will slide further. 


e. Tackles will involve less force because the players weight less. 


f. The optimal angle where punts go furthest won’t be 45° any more because the ball weighs less. 


g. The ball will have a higher velocity when it leaves a player’s boot because it weighs less. 


h. If a player runs into and collides with a goalpost, it will hurt less because they weigh less. 
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on the moon? 



Which aspects of the game will change as a result of being on the moon and which will stay the same? 
The SimFootball programming team have already had a go at guessing what will happen - and you 
need to decide whether each of these statements is correct or not. 

If you think a statement and the reasoning is correct, please explain why, using physics. 

If a statement is incorrect, or an incorrect reason is given for a correct statement, then please explain 
why using physics - to debunk the myth! Use relevant equations wherever you can. 


a. The ball will go further when passed horizontally because it weighs less so is easier to throw. 

No - yjroY\^ rc9soJ The ball s*till has {ht sa^e mass. Th\roy/*m^ -forde F ^ ma so *thc 
addclcy ： atio)r\ yclodi-ty) depend qy\ the bairs mass, ^o-t i*ts y/eijhi, i-f i^s thrown hpvizx>>>tally. 

b. The ball will go further when passed horizontally because it weighs less so spends longer in the air. 

Yes. The ball addclcra*tcs vertically because of its y/ciglvt. 0 y\ -the mooh, -the ball y/cijhs less. 
Thcyc-forc i*t y/ij) 50 -further ； as itll have a loh^cv- jjo travel ho\rizjOht3lly. 

c. The ball will go further when passed horizontally because the gravitational field strength is less. 

Yes. This is just olho-thc'ir vyay of y/ordm^ m b. 

d. There will be less friction in the game so the players will slide further. 

Yes. 1^ the ^vaviiatiohal -field . 衿 .k ss ( f!—Y ers —3 卜 . -the normal -fordc 

is less. Thcvc-forc, y/ill be less -fridiioh \y\ ib.C By\d ib.C plciyc^s y/ill slide -fuvilicy. 

e. Tackles will involve less force because the players weight less. 

No. Newtons Zhd Ldw is P 七二 ma. Tadklm^ is hori2x>h*t3l. So *thci\r wei^lvU hdve *to 

do X 七 h. !七 (y/ciQbi.vypvld ohly have ar\. ihey >y.c\rc *tadk|mg . 

f. The optimal angle where punts go furthest won’t be 45° any more because the ball weighs less. 

/Vo.. The. . 办 3k is. .^.ly/^ys ^* 5 ° .whjSii.cyf.v：, pUnct.ypu.Vc. qJ .. 


g. The ball will have a higher velocity when it leaves a player’s boot because it weighs less. 

No. FAt =■ A^v). Fordc, tirwc ahd rwass aye still -tKc same, so -the velodi-ty is s-till -the same. 

h. If a player runs into and collides with a goalpost, it will hurt less because they weigh less. 

f/o. SariftC rc^so^. a? a ； c ar\d 七 ― < 由矿实冰外 .Wt ： y>9^. 

ihc vertical .diyre^iipD, .ihc thing, is. .the. .^.assj. the. y/cight... 
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using forces, momentum, friction and impulse 


For added realism, sometimes the 
players should slip 

After successfully adding the 'moon mode’，the SimFootball 
team have decided that the game needs one more element. At 
the moment, the players are able to make impossibly tight turns 
and change direction more or less instantly. But if they tried 
that in real life, they would slip. 

But what makes someone slip? Or rather - what makes 
someone able to change direction in the first place? A change 
of direction means a change in velocity. Newton’s First Law 
says that for a velocity to change, there must be a net force. But 
where does the force that enables a player to change direction 
come from? 


The moon modes awesome and the 
games perfect... too perfect. We need 
the players to slip when they try to 
change direction too violently... 


爷 ^arpea your pencil 



a. If a player changes direction, they change velocity, so there must be a net force acting on them in the 
same direction as the change in velocity. 

Explain where this force comes from, and why a player might slip in real life. 


b. Describe in words how you’d go about working out whether a player will slip when they change 
direction. 
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the effect of friction 



a. If a player changes direction, they change velocity, so there must be a net force acting on them in the 
same direction as the change in velocity. 

Explain where this force comes from, and why a player might slip in real life. 

The playcv div-cd-tioh because of -fv-id*tior\ -theiv -foo-t 3 的 d yrouhd. 

|-f pbyev- c%c\rts d -fordc OY\ ^youhd wi*th *thciv -foo*t> gvouhd c^cvts equally—sizjcd 

-forde oy\ playev *m *the opposite div-ed*tioh - a Newtons Third Law pair o-f -fordcs. 

|-f *the -fordc vc^uircd -for *thc m div-cd*tior\ is smaller *thar\ 七 he -fordc 七 ha 七 be 

provided by -fv-id*tioh, *then {ht playev will slip. 

b. Describe in words how you’d go about working out whether a player will slip when they change 
direction. 

Work ou*t pbyev^s dhahy m momerrtunr\ is *thcy div-ed*tioh. 

Work ou*t >wha*t -frid*tior\ -fordc is o^\\/tY\ playcv^s y/ci^lvt> *thc hovmal -fovdc dr\d 

■the su\r-fadc \\ts playmg oy\. 

F At 二 Ap Use y/ha 七 you y/orked ou 七 -for F dhd Ap bo work ou 七 how lor\^ 七 he players -foo*t 
heeds *bo be *m dor\*tad*t >wi*th *thc youhd *to provide -this 'm momCh*tum. 

Es*tii^a*tc whether -this is \rcasor\ablc or ho 七 . 


You can change only direction horizontally 
oh a flat surface because of frictiow 

If you’re trying to change direction horizontally on a flat surface, friction 
is the only thing that can provide the force you require to change your 
momentum. Otherwise, you would slip (unless there’s a convenient wall or 
curb you can push against instead). 
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using forces, momentum, friction and impulse 



m di\rcd*tioir\ 
•takes same *tiw\e 
•m cBCM pid*tu\rc- 





七. 


Fov-dc \rc<\ui\rcd *to 
divcdtio^. 



「 y° u ^ P ush FoUc ^'ircd -to 

a<xa'ms4 div-cd*tio^. 


Small vclodi*ty- 


Fovdc cdo^t oy\ -foot- Fov^c o( oy\ cdljc- 



Fridio^al Wc 0 ( ^ 0 ^ 仏。七 

oy \ *foo 七 pavallcl "to you 灼 d. 


W\CS 


Lar 5 e velo^ y. 丁 丄 vd 。吻 bcdoi 

PoMc v-c«^ui\rcd "to loy/cv-, bu*t ^o*t c^oujh 

div-c^-tioi^. *to dhdi^c di\rcd*tio^ 

1 - so you slip. 


<■ 


F^ridtio^al We J … ..PoW of -foot 

yoimd on -foot parallel "to you 灼 d. 


Thanks - there's no way 
rd have managed all of 
that on my own! 



The game is brilliant and 
going to X-Force rocks! 

SimFootball is a success! Using physics, 
you were able to turn the real game into a 
computer game. Everything acts just like it 
should - on Earth and on the moon! 


II you want to 
ckange direction 
PMAIXEL to a 
surface, friction is 
tke only tiling tkat 
can provide tke 
force you require* 
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newton^ laws 


Newtow's Laws give you awesome powers 

You can use momentum conservation, Newton’s Laws and free 
body diagrams to work out problems that involve forces. 



The -Puhdamch-tal thmg 
you C3iy\ wov-k out -fvom 
CXpc\rirnCh-ts. 


Total momentum is conservect. 



Newton One ： Tilings carry on. 
Newton Two ： F = ma 



Cov\s*tarrt vclo6*ty 
(ov zjCVo vclo£.i*ty) 
med^s y\o v\t{, -rovtc- 



pvav/ 3 FREE- 
BOPV DIAGRAM 

-to y/ovk ou 七 
r\C*t -fovtc- 


rworwc^-turw do^scvvatio^. 4 t fxll W 1 1 

JMewton 1 hree ： Push you，push me. 




Fovtcs dome ir> faiv-s 
av-c 七 he sarwc siz^ 

•m of\>osi*tc d'ivct*tior\s and 
at*t or\ di-f-fcvcr\*t objects. 


BULLET POINTS —— 

■ Always start with a free body diagram 
of all the forces acting on an object. 

■ Mark on all the forces. 

■ Is there a net force? 


■ Use F = ma to determine how the 

net 

object moves. 

■ Remember the impulse form of 
Newton’s Second Law: F net Af = Ap 

■ Total momentum is conserved! 


■ Work out forces you don’t know. 
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using forces, momentum, friction and impulse 




Friction 


A contact-dependent force that opposes motion. 



Impulse 


Impulse is equal to the change in momentum, 
F net At. Impulse is sometimes given the symbol J. 


you are here ► 


513 

















physics toolbox 



SEVHO 








13 tQT^ue and Work 



You can use your physics knowledge to do superhuman feats. 

In this chapter, you’ll learn how to harness torque to perform amazing displays of strength, 
by using a lever to exert a much larger force than you could on your own. However, you 
can’t get something for nothing - energy is always conserved and the amount of work 
you do to give something gravitational potential energy by lifting it doesn’t change. 


this is a new chapter 







sword in the stone 


Half the kingdom to anyone who 
caw lift the sword iw the stowc... 

The sword in the stone has acquired near-legendary status. 
But now, in a shock move, anyone can attempt to lift it. 

There are rules of course - but the promise of half the 
kingdom for anyone who succeeds is completely genuine. 


錢 

Sword in the 

STONE - RULES 


Anyone who lifts 

THE SWORD IN THE 
STONE IS ENTITLED 
TO HALF THE 
KINGDOM. 


TKc tvoss^uavd 



The crossguard 

OF THE SWORD 
MUST BE RAISED AS 
HIGH AS THE MARK 
ON THE WALL, OR 
HIGHER. 

Only one person 

AT A TIME IS 
ALLOWED TO TRY. 

Only two 

ATTEMPTS PER 
PERSON IN A 
LIFETIME. 
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torque and work 


Caw physics help you to lift a heavy object? 

The rules say that the crossguard of the sword must go up by at least 
10.0 cm to reach the line. But they don’t say anything about whether 
the sword needs to be detached from the stone at the time! 



The loophole - li*P 七七 he 



If you can use physics to lift both 
the sword and the stone 10.0 cm off 
the ground, you’ll win. The only thing 
is the stone is far too heavy for one 
person to lift on their own, and it’s 
not like you can take it to the moon to 
reduce its weight or use something like 
a crane that hasn’t been invented yet... 






Think about the physics you’ve learned so far. How 
might you be able to lift the sword and the stone? 
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what’s it like? 



If we lift the sword and stone, well be 
rich! We just need to figure out how to 
move it when ifs too heavy for one person 
to lift by themselves. 


Jim: So how are we gonna do it? How do people use physics to lift 
heavy objects. What’s it like ... ? 

Joe: Maybe “how do people lift heavy objects” is the wrong 
question. Lifting involves applying an upwards force at least equal 
to the weight of the thing you’re trying to lift. So maybe we should 
be thinking about how people apply large forces to objects. 

Frank: That’s a really good point. 

Jim: Um ... how can we say that an equal force will lift it? 
Wouldn’t we need to apply a force greater than the sword and 
stone’s weight to get it to move upwards? 


Pusii dovm 
loi^5 



you wa 灼七 

^ ㈣ y 

\orCc *to. 


Cv"owba\r \ro-t3-tcs 
whcv-c ii touches 




£hov*t docs 


Joe: Once you’ve got the sword and stone going (with a force 
slightly larger than its weight) the most efficient way to lift it is to use 
a force equal to its weight. If there’s no net force, it’ll go up with a 
constant velocity. 


Jim: Ah -1 forgot about that Newton stuff. So if we can somehow 
apply a force equal to the sword and stone’s weight, we’ll be OK. 

Frank: So how do people apply large forces? What circumstances 
might I want to use a large force in? What’s it like? 


"the jv-ou^d- 




II you’re asking 
” wltat’s it like?” tiy 


to )rfcneralize> Ask 
” How can I apply a 
large force?” instead 
oi ” How can I lilt a 


Frank: Well, I guess that if you want to get through a locked door 
without a key, you could pry it open. You’d use a crowbar for that 
-to apply a large enough force to break either the door or the lock. 

Joe ： So how does that work?! I guess it has a long handle and a 
short claw ... you use it like a lever. You push down on the long end, 
and the short end does a lot of damage! 

Jim: Yeah - far more damage than your pushing force would do if 
you just pushed on the door directly. Somehow, the force that the 
lever exerts on the door is greater than the force you exert on it. 

Frank: So maybe we can rig up a lever with a long end and a short 
end to exert a larger force on the sword and stone than we can 
manage directly. I think we’re on to something here ... 


keavy tiling 
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torque and work 


Use a lever to turn a small force 
into a larger force 

It’s just not possible for one person to generate enough force on their own 
to lift the sword and the stone - it weighs too much. 

But by using a lever, you can exert a greater force on the sword and stone 
than you can manage by grabbing and pulling. You can use physics to 

increase the force you can generate. 


a -Pomdc a-t "the 
<^f -the a\rm. 




6 {t\, a lav-^cv -fov-dc 
a 七 -the o-f -the 


sho\rt av* 你 . 



ShoV" 七 




A lever is a bit like a seesaw - a rigid bar that can rotate about a fulcrum (or 
pivot point). If you push down on one end, the other end goes up. 

In physics, the two sides of the lever are called the arms. If the lever arms 
are different lengths, you can use the lever to exert a large force at the end of 
the short arm by pushing down on the long arm. 

But what size of force do you need to generate to lift the sword and stone? 


Use a lever to 
exert a larger 
iorce titan you 
could on your own. 


levels a\rnr»S 

avW 七 like 
avms - *b^cy 
always move 
Bv\A 

•mdepende 灼七 ly. 


i^^rpen your pencil 



The stone is granite. We looked it up, and 1.00 cm 3 of this granite has a mass of 2.680 grams, 
a. The stone is 1.0000 m by 0.8100 m by 0.6900 m. What is the mass of the stone? 


七 : Be tav-c-ful 


b. The sword’s mass is 2.2 kg. What is the minimum force required to lift the sword and stone? 
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whafs the mass? 



The stone is granite. We looked it up, and 1.00 cm 3 of this granite has a mass of 2.680 grams, 
a. The stone is 1.0000 m by 0.8100 m by 0.6900 m. What is the mass of the stone? 

Work ou*t volume o-f blodk *m multiply 七 by Z.^>00 *to yt mdss. 

二 100.0x01.0x^.0 =i 550^00 
Mass =i ^OOOO x Z.ke =i 1500000 3 二 



1 仏 jc ^ cv-ally 
besi io give youv 


a^sy/cv-s *m S| 
uhits — m 七 his 


cast, kj \rathcv* 


b. The sword’s mass is 2.2 kg. What is the minimum force required to lift the sword and stone? 



Total mass I 午加 + Z.Z 二 1500 kg sd) 

Mmimum (ortt y/ill be *the same s\zjt Bs *thc s\wo\rd dr\d stohC^s y/ci^lvt- 
^ 叫二 1500 X 卞 0 二 l Moo hi ^ sd) 

子 _ 

Be dav-c-ful r\o*b *to 
yb ^ (ya^s) and 3 
(ydvi'bdtional -field 
m'i%cd upf 


^•evo r^c*t -Povdc (wei 分 * t + 

-Povdc) mea^s *tha 七 you da 内 li-P*t *thc 
swov~d a 灼 dl s*tor>c v/rth a dohS*tar>*t 

vclod'rty - Ncwio^s ls*t Law. 


there ^ are no ^ 

Dumb Questi 9 ns 


We’ve assumed that the minimum 
force required to lift an object is equal to 
its weight. But surely you need to use a 
larger force? 


A ： 


Newton's 1st Law says that if the 
net force is zero, an object will move at a 
constant velocity. So the most efficient way 
to lift something is to exert a force on it that’s 
a tiny bit larger than its weight for a short 
time. This gives it a small upwards velocity. 
Then you can continue with a force equal to 
its weight, so the object continues to move 
upwards with this velocity. 

So you DO need a force larger than 
the object’s weight! 

Yes, but only slightly larger and for a 
very short period of time to get it started. You 
can approximate this to a force equal to the 
object’s weight (with an extra initial ‘nudge’). 


We’ve called the two ends of the 
lever “arms”. But doesn’t that imply that 
they can move independently (like my 
own two arms)? 

Talking about the “arms” of a lever is 
physics terminology. Each side of the lever is 
an arm - but they’re connected together and 
can’t move independently. 

The whole setup looks like a seesaw, 
with two arms and a fulcrum. But how 
can you increase the force at the other 
end? Everyone knows that to balance a 
seesaw, you need the same weight - the 
same force - at each end. 

If you have an adult and a child on a 
seesaw, you can balance them by moving 
the adult closer to the center. The force of 
the child’s weight is smaller than the force of 
the adult’s weight, but they can still balance. 


OK, but the two sides of the seesaw 
are still the same length, right? 

Yes, but the distance between the 
adult and the fulcrum has changed. So 
the child’s small weight is able to provide 
enough force to lift the adult’s larger weight 
(by balancing then doing a small initial 
‘nudge’ to get going) - just like you’d like to 
do with the sword and stone. 

So you mean that if you get the 
adult and child to balance, then saw 
off the ‘extra’ bit of seesaw behind the 
adult, I get a lever where the two arms 
are different lengths, like we were already 
talking about? 

You got it! Though you may have to 
reposition the adult slightly, to compensate 
for the missing bit of seesaw. 
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torque and work 


Po aw experiment to determine 
where to position the fulcrum 

If we use a lever to lift the sword and stone, a small force 
applied to the long arm will be able to exert a large force at the 
short arm. A quick look on the Sieges-R-Us website reveals that 
they have ten 15 kg stackable stones in stock - giving us a total of 
10 x 15 = 150 kg we can place on the long arm. 

But where should we put the fulcrum? The rules say only 
one attempt per lifetime! We need to make sure we have the 
fulcrum in the right spot before actually trying to use the lever to 
lift the sword and stone. 

Time to design an experiment! 


>u Kave \^0 
siadkdble s*fcoi^cs or\ 

|or>5 dV-m. I/Vhcv-C should you fu*t the -Pukv-urw 


u 




irpen your pencil 


A small force on tke long 
arm can talance out a large 
force on tke skort arm. 


Po^*t v/ovvy i-f youVc 灼 。七 

suve >/Ka*t some o( - 

'rtems av-c. Just do youv bcs*t! 

Design an experiment that wil! allow you to determine the relationship between the two forces required 
to balance a lever and the distance from the fulcrum to the point each force is applied at. 

a. Underline the items of equipment you will use to obtain the data: Stopwatch, Metal ruler, Scales, 
Protractor, Double-sided tape, Pipette, Triangular prism, Air track, Set of identical masses 

b. On the tabletop below, sketch the setup you will use to obtain the data, labelling the fulcrum and any 
relevant forces and distances. 
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designing an experiment 



^pen your pencil 
Solution 


Design an experiment that will allow you to determine the relationship between the two forces required 
to balance a lever and the distance from the fulcrum to the point each force is applied at. 

a. Underline the items of equipment you will use to obtain the data: Stopwatc h, Metal ruler. Scales, 
Protractor, Double-sided tape. Pipette, Triangular prism, Air track, Set of identical masses 

b. On the tabletop below, sketch the setup you will use to obtain the data, labelling the fulcrum and any 
relevant forces and distances. 


I I 

/l/JdSS 丨 ( —~ I 


Fuldv-um prism) 


白 Mass Z 


«■ 


Dis-ta^de 








Metal vulcv 


c. Explain how you will carry out the experiment. 

Use prisna as -the -fuldrum dhd 七 he ruler as -the lever. Have 七 he -fuldrum *m {ht middle o-f 
rulcv- (so 七 {ht *two halves rulcv and pu 七七 he masses a*t di-f-fcvch*t dis*tahdes 

■the -fulcrum. Pile masses ov\ -top of eddh o*thev so *tha*t *thcy press dowr\ ov\ same pomt, 
dhd use small amouy\*b blu*tad 七 。 avoid slipp'mg. 

S*ta\rt wi*th ov\t mass a*b 七 he -far end, make sure o^c mass ar\ equal dis-ba^e away balahdes i-b. 

Then *tv"Y -two masses up dovm *to -f md {ht poirrt. Repeat wi*th *th\ree so or\. 

D\ra>w a table of results (mass I, dis*tar\dc I, mass Z, dis*tar\dc Z) ar\d look -for a pa*t*tcry\. 



If I have a different 
experimental setup, I still get 
credit as long as it works, right? 





You get credit for any experimental 
setup that works. 

Many 'design an experiment’-style questions are 
open-ended. You will be provided with a range of 
equipment, and there may be more than one way 
of investigating what you’ve been asked about. 

As long as you describe what you want to do and 
draw a clearly labelled diagram, you’ll get the 
points if your experiment would work. 


Wken ctesigningf 
an experiment, 
tkink atout wkat 
you can DO vitk 
eacli piece oi 
equipment. 
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torque and work 


Try it! 


Wc'vc put lavyv mass oy\ 
vi 价七 m *tKc cx.pcv-iw'C^t bcdausc 
lav-^cv- mass (sv/ovd a^d s*tor>c) is 
oh r\o^i m i\\t otKcv p'l^Wc. - 


Now you can get on with doing this experiment! Your 
job is to find the balance point of the ruler when 
different weights are applied to each arm. 

Find five large coins that all have the same value - you’ll 
use these as your weights. You don’t need to know the 
force exerted by a single coin in SI units, as you can use 
your own unit, the "coin-weight ”！ 

Stick a round pen to a tabletop to use as your fulcrum. 
Keep it in the center of the ruler, and the smaller weight 
at one end, then slide the larger pile of coins up and 
down until the two sides balance. Use the measurements 
on the ruler to read off the distances between the center 
of each stack of coins and the fulcrum, and fill in the 
table below. 





this at the 

o-f v-ulcv 



Slide 七 his mass -fco 
-f\ro until 七 he 
Icvcir balances. 

Distance 1 Distance 2 

- >< - 


Q 



F t 


I 

c / 

-fuldv-um \y\ "the 

CtY\{,Cr V-ulcv 







You use w £.om— 

as a u^'it 

bcdausc dll o( 
doms hd'/e 
same 


Force 1 

(coin-weights) 

Force 2 
(coin-weights) 

Distance 1 
(cm) 

Distance 2 
(cm) 

1 

1 

15 


1 

2 

15 


1 

3 

15 


1 

4 

15 



Use a ZO tnx 

(o\r loh^cv-) \rulcv- 
3s you\r lcvc\r. 


( - f f 

Wt 乙 hose I 弓乙你 -fov Pista^c I because its hal-fway alo^j a iO cm \rulcv-. l-f youv v-ulcv- 
is a di-f-fcv-c^t the 的 *bhc value m this 乙 oluwm *to hal-fway alo^ youv v-ulcv-. 


Do you see a pattern? Write down anything you notice about the forces and their distances from the 
fulcrum if the ruler is to balance. 
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double the force? 


r Tried it! 


Now you can get on with doing this experiment! Your 
job is to find the balance point of the ruler when 
different weights are applied to each arm. 

Find five large coins that all have the same value - you’ll 
use these as your weights. You don’t need to know the 
force exerted by a single coin in SI units, as you can use 
your own unit, the "coin-weight ”！ 

Stick a round pen to a tabletop to use as your fulcrum. 
Keep it in the center of the ruler, and the smaller weight 
at one end, then slide the larger pile of coins up and 
down until the two sides balance. Use the measurements 
on the ruler to read off the distances between the center 
of each stack of coins and the fulcrum, and fill in the 
table below. 


Slide this {jo a^d 


this at the 

o-f the v-ulcv 



Distance 1 


Q 


-fv-o uovtil rt balances. 


Distance 2 
>< - ^ 





c / 

-fuldv-um \y\ 

V-ulc\r 



These ou\r 
v-csults - i-t s 
0 ^. i-p you\rs 
slightly 
di-P^cirCh-t. 

Do you see a pattern? Write down anything you notice about the forces and their distances from the 
fulcrum if the ruler is to balance. 

l-f I double -forde ^ by us'm^ -two do’ms *ms*tcad c^f or\c) 七“伙 I r\ttd bo hal-f 七 he dis*bdh6e 
brbween i*t +uld\rum -to keep -the vulcr bdld^ed* 

I also ho*tided number dorns x dis*bdhde -fv-om -fulcrum is same -for bo*th sides 
the ruler is bala^ed- 


Force 1 

(coin-weights) 

Force 2 
(coin-weights) 

Distance 1 
(cm) 

Distance 2 
(cm) 

1 

1 

15 


1 

2 

15 


1 

3 

15 

弓 .0 

1 

4 

15 
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torque and work 


Zero wet torque causes the lever to balance 



A torque is like a ‘turning force.’ The greater the 
torque, the greater the effect it has on the rotational 
motion of the object that the torque is applied to. (A 
torque can also be referred to as a turning moment.) 


You y\o{, have o-f the Icvcv 

votatmg - but thaVs what it would 

do i-p *thc ^ou^d wasir / 七 but Icvcv* 

was still Suffov-tcd by its -fuldv-um. 



a 


A 


■2 2 2 



|*P v/c dc-fmc Clockwise 

dlodky/isc as the \ Zcv-o toir<\uc, 付 ta 七 io 〜 so 仏 s 

positWe dwttho^, as W<\ucs art \ s positive, 

•this *tov*<^uc is C^ual siz^s m 

negative. opposite di\rcd*tio^s. 


Torque is a vector - you define clockwise as positive and 
counter-clockwise as negative. The direction of rotation 
depends on the direction of the force and the direction 
of the displacement. If two torques are the same size but 
would cause rotation in opposite directions, there’s zero 
net torque on the lever, and the lever balances. 


The experiment you just did shows that the size of a 
torque is proportional to both the size of the force and 
the distance from the fulcrum. So if you double the 
force, the torque doubles. Or if you double the distance 
from the fulcrum, the torque doubles. 

In physics, the Greek letter T (pronounced c tau’）is used to 
represent a torque. When you have a fulcrum, torque is 
defined as the displacement from the fulcrum a force is 
applied at x the component of the force perpendicular to 
the lever. You can write this as an equation: T = rF ± 


pcv-pc^ditulav- 

t JL ^ 

Pisp|adCmC^*t TV*om -ruldVum *to ^ / ,, 

Pom-t Uu is afflied TK，S ^f° 

' pcv-pc^didulav 






Use torque to explain: 

a. Why you can lift the sword and stone using a force smaller than their weight. 


b. Why door handles are positioned far away from the hinges. 


c. Why a wrench (used to undo nuts and bolts) has a long handle. 
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torque causes rotation 



ExeRctSe 

§OLytiOH 


Use torque to explain: 

a. Why you can lift the sword and stone using a force smaller than their weight. 

you use a lever whose a\rrws arc di^cych*t. 3 sinr>cllj j^pyCt oy\ the 

tY\d C^y\ produce 七 he same *bor^uc as a lar^e -rorde oy\ 七 he shovt 

as -torque ― dis*(^hdc 心。州 -fulcrum x -forde. So you ddh use B small -fordc *to li^-t 

a lavgc y/ci^lvt. 


b. Why door handles are positioned far away from the hinges. 

To ofcr\ 3 door, you heed bo pvodude a *bov^ue, so *tha*t door v-o*ta*tcs v-ouhd 
its iimjes (-fuldv-um). \( tiie door is +ar away -from -the hmys, you heed d 

smaller Jfordc *to produce -the sa^e -torque, as -the sa^e ^orct applied a gvea-ter 
disti^c -tVom ttc -fulcrum pvoiiudcs a gvedtev tov^uc. 


c. Why a wrench (used to undo nuts and bolts) has a long handle. 

You use 七 he handle o-f *the y/rchdh *bo ly d -torque *to d y\u 七（七 he -fuldv-una is 

the dchicv- cJc *tlic hu*t). The loh^cv- ibhc -the smaller -the -fordc you Y\ttd 

to apply *to produce -the same -tov^uc. 


tliereiare no o 

Dumb Questi 9 ns 


Why are we calling a torque a 
“turning force” when the seesaw isn’t 
turning ■ it’s just swinging up and down? 

Swinging is just turning, but not full 
circle! A seesaw swings around a fulcrum, 
and if the ground wasn’t there it would be 
able to rotate all the way round. 

What’s the difference between a 
force and a torque? 

To exert a torque on an object, there 
needs to be a fulcrum that it can rotate about. 
A torque is a force applied to the object at a 
distance from the fulcrum, with a component 
that’s perpendicular to the axis of the lever. 

丁 a pid-tu\rc o( this 
ov\ 七 he opposite page. 

526 Chapter 13 


In the equation t = rF ± , why is the 
letter r used to represent a displacement 
instead of x, the letter we usually use? 

A torque produces a rotation. If you 
imagine the seesaw rotating all the way 
around, it would trace out a circle with 
the fulcrum at the center. The ‘r’ stands 
for ‘radius’，as the radius of a circle is the 
distance from its centre to its edge. 



■the way around -the -fuk\ruw\, i*t would 

out a cWt\t- 


It’s confusing to use different 
letters to represent displacements. Why 
are we doing that? 

Using ‘r’ in this equation is a physics 
convention that’s followed any time circular 
motion is involved. It makes you think about 
the fact that the displacement is a radius, 
and that rotation is involved. 


A torque causes 
an object to rotate 
aLout a lulcrum. 






























torque and work 


Hey ... weve been talking about the 
perpendicular component of the force 
- but how do I calculate that?! 


It’s tire 
perpencticular 
component oi 
a iorce tkat 
produces a 
torque. 


Only the force component perpendicular 
to the lever produces a torque. 

In your experiment, the vertical forces you applied 
always acted perpendicular to the horizontal lever. But 
sometimes a force will be applied to a lever at an angle. 

If a force is applied parallel to the lever, it won’t rotate 
at all, and the torque will be zero. 




A pav-allcl -fov-dc 

pv-odu^cs y\o *tov'uc. 


A 


If a force, F, is applied at an angle, 6, to the lever, only the 

perpendicular component of F will produce a torque. 


T\\t pcvfcir\ditulav- 



Fovtc allied 



r^arpen your pencil 


This symbol rwca^s pallid. 


A force, F, is applied to a horizontal lever at a point displacement r from the fulcrum. The force is applied 
in such a way as to make the angle 0 with the horizontal. 


、 a. Draw a large sketch showing the lever and the 
relevant components of F. 

The sketch will be a lav-^c 

version o-f this OY\t- 


b. Use your sketch to derive an equation for the 
torque, t = rF , in terms of r, F and 6. 
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net torque 



rpen your pencil 
Solution 


A force, F, is applied to a horizontal lever at a point displacement r from the fulcrum. The force is applied 
in such a way as to make the angle 0 with the horizontal. 


a. Draw a large sketch showing the lever and the 
relevant components of F. 



b. Use your sketch to derive an equation for the 
torque, t = rF 丄， in terms of r, F and 6. 

Fo\ru is applied at ar\glc 6- 

dompohCrrt is opposite side. 

o P. 

fn\ 一 — 一 


F 


I 七 doesir / 七 i-f -fov^c is pomtmj 

w ou*twa\rds w ov u 'my/a\rds W — pc\rpc^di^ula\r 
s*till has -the same siz^ d^d dive 匕 



p 丄 = 



T = 



T = 




This is the c<\uatio>r> (or -to\r<\uc givc^ oy\ c^uatio 
sheets- ttoy/cvcv, wc d wo\rkm^ i*t out -fov 

Y ou,rscl *f ^ V'a^glcs, as the cc^aho^ docs^i 
it 〜ystal dear how -the a^glc 0 is measured. 


Newton^ 1st law says that if there's no 
net force, an object continues at the same 
velocity. Is there an equivalent for torques? 



O 


o 



Zero net force = static equilibrium 

Newton’s 1st law says that if an object has zero net 
force exerted on it, then it will continue at its current 
velocity, in other words, it won’t accelerate. This is also 
known as static equilibrium. 


Zero net torque = rotational equilibrium 

If the net torque on a lever (or another object) is zero, 
then its speed of rotation doesn’t change, in other 
words its rotation won’t get faster or slower. This is 
also known as rotational equilibrium. 


H a lever isn’t 
rotating (or is 
spinning at a 
constant rate) 
tke net torque 
must te zero. 
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torque and work 



I guess that if torques 
can add up to zero, then 
torque must be a vector? 


Torque is a vector. 

Torque has a direction as well as a 
size, since you can turn clockwise 
or counterclockwise round the 
fulcrum. A vector arrow points in 
the direction in which a screw would 
move if you applied the torque to it. 
So clockwise = into the paper and 
counterclockwise = out of the paper. 


rotation 


Tov-^uc 



a 


/\ Port 



PiV-C^tioir\ 

\ro*ta*bo 灼 




△ To^uc 

▼ (out ok papcv-/ 


If you can’t imagine which way a screw 
would move if a torque was applied, 
then do a ‘thumbs up’ with your right 
hand. If you curl your fingers in the 
direction that the object’s turning in, 
then your thumb points in the direction 
of the torque vector. 



Piv-C^*tio^ o-f 
\ro-ta*tio^ makes 
stv-evz Jo 


Pi\rc^*tio^ o*f 
\ro*ta*bio^ mdkes 
s^\rcw Con\t out 


This sounds difficult to draw in only 
two dimensions, but there’s a standard 
convention that helps. 

The symbol for a vector going into 
the paper is (8) (like the head-on view 
of a screw) and for one coming out of 
the paper is ©, (like the view of the 
screwpoint). 



Piv-c^tio^ 


vc^-fcov- 


You can work out tke 


ctirection ol tke torque 
vector ty doing a f tkunits 
u〆 witk your rigflit kanct. 
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equilibrium is balance 


Can I just memorise the equation 
t = rFsin(0) or look it up on my equation 
sheet rather than working it out with 
triangles each time? 

You can if you like ... but what if you 
come across a problem where you're given 
the angle that the force makes with the 
vertical, rather than the angle it makes with 
a horizontal lever. If you’re used to starting 
with triangles you can work that out, but if 
you just assume the equation will be the 
same, you'll come undone. 



What is equilibrium? 

Equilibrium is another word for 
balance. Static equilibrium is when forces 
are balanced - in other words, when the net 
force is zero. Rotational equilibrium is when 
the torques are balanced - in other words the 
net torque is zero. 

Ecjuilitrium is 
anotker word 
lor balance. 


Why is there a distinction between 
static and rotational equilibrium? 
Equilibrium’s just equilibrium, right?! 

A rocket firework that’s just been 
started off is in rotational equilibrium, as 
there’s no torque on it. But it isn’t in static 
equilibrium as it's accelerating. 

A Catherine-wheel firework that’s just been 
started off isn’t in rotational equilibrium, as 
it’s spinning faster and faster due to a non¬ 
zero net torque. But it is in static equilibrium 
- as it isn’t going anywhere, the net force on 
the firework must be zero. 


Use torque to lift the sword and the stone! 

The force you need to lift the sword and the stone is equal to its weight, 
which is very, very large! But you can use physics to make it easier by 
designing a lever. 


A lever consists of two arms of different lengths which can rotate around a 
fulcrum. Applying a force produces a torque, which can cause the lever 
to rotate around the fulcrum. 



II an object will 
rotate around a 
iixed point, see ii 
you can use torque 
to solve problems. 


The equation for torque is T = rF 丄. 

So if you make a lever and put the sword and stone (which exerts a large 
force due to its weight) at the end of a short arm then apply an equal torque 
on a long arm using stackable stones, you’ll be able to arrange a setup where 
there is zero net torque on the lever, which is therefore in rotational 
equilibrium. From there, a tiny nudge will be enough to lift the sword and 
stone. Fame and fortune beckon ... you just need to work out where to put 
the fulcrum. 
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torque and work 



rperi your pencil 


A lever, length L, has two masses on it. At one end is a sword and stone, mass m 1 and displacement r 1 from the 
fulcrum. At the other end of the lever is a stack of stones, mass m 2 and displacement r 2 from the fulcrum. 


a. Write down an equation for L, the total length of 
the lever, in terms of r 1 and r 2 . (Make left-to-right 
the positive direction, and make L a positive vector. 
r 1 and r 2 are also vectors - do a sketch and be VERY 
careful with signs!) 


b. Write down the condition for the rotational 
equilibrium of the lever (from where a small nudge 
will allow you to lift the sword and stone). 


c. Use these two equations to work out an equation 
for r 1 in terms of m 2 and L. 


d. If the lever is 10.00 m long, the sword and stone 
have a mass of 1500 kg and the stackable stones a 
mass of 150 kg, how far from the sword and stone 
end should the fulcrum be placed? 
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a lever and two masses 


(^Sharpen your pencil 

Solution 


A lever has two masses on it. At one end is a sword and stone, mass m 1 and displacement r 1 from the fulcrum. 
At the other end of the lever is a stack of stones, mass m 2 and displacement r 2 from the fulcrum. 


a. Write down an equation for L, the total length of 
the lever, in terms of r 1 and r 2 . (Make left-to-right 
the positive direction, and make L a positive vector. 
r 1 and r 2 are also vectors - do a sketch and be VERY 
careful with signs!) 

Make io ri^lvt positive div-cd*tioh, 

rmdke L d vcd*to\r -fvom *to 




b. Write down the condition for the rotational 
equilibrium of the lever (from where a small nudge 
will allow you to lift the sword and stone). 


<T- 

m. 


z 







,9 


<r 


z 




z 


l-f you dhosc a 
v/ay o( dc-fmmj positive 
di\rCd*tio^, youv* a^sy/C\r will 
wo\rk out "the same m the 
but some o-P mmus si^s m 
•the algebra may be di-P-Pcv-c^t 


c. Use these two equations to work out an equation 
for r 1 in terms of m 2 and L. 

Need *to mdke 9 substitution -to yt rid of 

Rearrange c^ua*tior\ -from part a: 

'二 L + % 

Substitute -this *m*to c^ua*tior\ -from pav-*t \) ： 

+ (L + =• 0 

I I I z 


V 


A 



z 


z = W 


i 

The *to\r^uc mus*t be z^\ro. 
y + r P n O Bo*tV> *tcvms avc 

今 40 0 r 3 alllslut 

r m 二 O dr>d da^dcls. 


d. If the lever is 10.00 m long, the sword and stone 
have a mass of 1500 kg and the stackable stones a 
mass of 150 kg, how far from the sword and stone 
end should the fulcrum be placed? 

Use c^ua*tior\ -from pa\rt C- y/i*th values 

(m, is s-bddkdble s*bor\CS ar\d m\ is s\wo\rd dr\d s*tor\c) 


z 




i 


U 


z 


^ + L' + 竹二 0 


AO x 1^00 

OioTiioo") 


"This is hegative ds wc 
Ic-Pt -fco \rigli-t 

>A/ the positive div^tioh. 
m (l sd) 


1 


•Lm 


z 


r (m, + 


z 


•Lm 


r ( is -the displade^eh*t -from {ht s^adkable 

stoics er\d — Y\ttd *to work ou 七 


Pu 七 bvadkets *m, so 
七 heve’s or>ly oY\t 
odduvvc^tc o( v oy\ 
*thc lc-P*t hand side- 


i 

•Lna 


1 


z 


Dispbdemerrt -fvom s\wo\rd dhd s*boy\c tY\d y/ill bc ： 




z 


i 


X 


L 


10 - %0°i =i 0.°i\ m (l sd) 


The ^ucs*tior> asks -pov* displadCi^C^*t o( 
-the SY/ov-d Br\d s*tor>C -Pvom *tV>C -Puldvum. 
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Question Clmic: The "Two equations, two uwkwowws" Question 


0 o 



If you have one equation, you can use it to work out 
the value of one unknown variable as long as you know values for the 
others. If you have two equations, you can use them to work out two 
unknowns (as long as ifs the same two unknowns in both equations!) 


Always, always ； always 
s-ta\rt with a skctdhf 


Tiic buzzjwovds Icvcv 
dhd 1 *fultvuwv ， -tell you 
七七 -tov^uc is mvolvcd- 


l-f "the 'ues^tioh gives you 
variable make suv-c 

you use -the same o^es m 
youv- ar>swcv-. 

Vi>u 眯 ay be c^pcd-tcd 
"to spot this is useful 
-Pvom youir sketch, 
vaihev bemj asked 

ocpliditly -to do it 


盖 SSfe S^ac^f stones, -ss^and 

displacerrient r 2 from the fulcrum. 

~rwrte dwn^n equation for L in terms of r x and r 2 . 

^ VvJite dov^ie condition for the rotational equilibrium of 
the levGr. 

c . use these two equations io\o^ out aneguationforjyn 
terms of m , m 2 and L. 


'Cohdi-tioh^ pv-obably rwca^s c<\uatior> ih -this 
toh-tevc-t, -though you should y/viic it ir> y/ov-ds 
3s y/cll as you yt pomts -Po\r i*t/ 


you 


need *to v"»d o-f, a^d make suve 
you do wV)at ask you -to! 


|h -this book v/e’v/e 
tor\Cty\{xdi{,tA or\ 
r^akma subs-ti-tutio^sj 
but i-r theve’s 

a^othev- way *tha-t 
nr»akcs schsc (or you, 
"tliCh Jo <Po\r i 七 , 


You can solve for two unknowns either by using a 
substitution or by setting up simultaneous equations. These 
methods are effectively the same, and ifs up to you which to choose. If 
one of your unknowns is 'buried* deep inside a term, ifs probably easiest 
to do a substitution. If both unknowns are terms in their own right (or 
are multiplied by just a number) then simultaneous equations will be 
quicker - but a substitution will still work. 
































bullet points 


BULLET POINTS - 

■ The size of a torque is equal to the 
component of the force perpendicular 
to the lever x the displacement from the 
fulcrum. 


■ Torque is a vector - the direction you’re 
turning in matters. 

■ If you curl the fingers of your right hand in 
the direction you’re turning in, your thumb 
points in the direction of the torque vector. 

■ If an object is in rotational equilibrium, it 
means that vector sum of all the torques 
on the object is zero. 


■ You can work out the perpendicular force 
component using trigonometry. 

■ If a problem involves something turning, 
you need to work out where the fulcrum is. 



dcvc\r 灼 css — lc*t ； s sec •• 


Time to try using a lever to lift the sword 
and stone. Hopefully, by using physics, 
you’ll be more successful than than the 
person who tried before you ... 
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torque and work 


So you lift the sword and stowc with the lever 

You’ve used what you know about torque to predict that you can lift 
a 1500 kg sword and stone by using only 150 kg of stackable stones 
to generate a force much larger than their weight with a lever. 

So you set everything up, and as you lift the final stone into place, the 
sword and stone begin to move... 



but they don't go high enough! 

Although the sword and the stone get off ground, they don’t go 
high enough. The crossguard of the sword needs to be raised by 
10 cm for the lift to count, but it only went up by around 1 cm. 

The stackable stones have definitely gone down by 10 cm at the 
other end of the lever - but the sword and stone haven’t gone up 
by the same amount. What’s going on?! 





The stackable stones have gone down 
by 10 cm. So why haven’t the sword 
and the stone gone up by 10 cm? 
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look out for similar triangles 



Jim: But it didn’t reach the line!. The stone end went down by 
10 cm - why didn’t the sword and stone end go up by 10 cm? 

Joe: Hang on while I do a quick sketch ... 



10 trr\ 



\0 

^ 狀你 is lO "times 

lo^^CV- sho\rt av-m. 


Frank: Ooh, triangles! 

Joe: Yeah, similar triangles! Look - the stackable stones lever 
arm is ten times longer than the sword and stone lever arm. So if 
the stackable stones side goes down 10 cm, the sword and stone end 
only goes up a tenth of that distance - 1 cm. 

Jim: If the stackable stones going down by 10 cm causes the sword 


and stone to rise by 1 cm, then I guess the stackable stones need to 


Always look out 
lor triangles 
- and especially 
similar triangles! 


Similav Aor!i V^avc 

-{jo be 七 - They 
jus 七 Y\ttd bo Kavc same 
armies as o-bi^cv-. 



go down by 100 cm to make the sword and stone rise by 10 cm. 

Frank: That sounds like an awful lot of work to lift the stackable 
stones that high in the first place! Maybe it’s easier to make the 
two arms of the lever equal lengths. Then we only need to lift the 
stackable stones 10 cm - a much smaller distance. 


Joe ： But we’d need 1500 kg of stackable stones to lift the sword and 
stone, instead of 150 kg. That’s ten times as many stackable stones! 
Even though you only have to lift them a tenth of the distance ， 
you’re lifting ten times more weight than you were before. 

Jim: I’m kinda starting to think that you can’t get something for 
nothing. We either lift a tenth of the weight ten times the distance, 
or the same weight the same distance. 

Joe: Yeah, it’s hard work either way around! 





Which do you think involves more work - lifting 10 
stackable stones 1 m each, or 100 of them 10 cm each? 
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torque and work 


You caw't get something for nothing 

You can’t get something for nothing. If you use 150 kg of stackable 
stones to lift a 1500 kg sword and stone, the long lever arm needs to 
be 10 times the length of the short one. But that means the sword 
and stone only get lifted a tenth of the distance that the stackable 
stones move through. 

So to lift the 1500 kg sword and stone 0.10 m (10 cm) off the ground, 
you need to lift the 150 kg of stackable stones 1.00 m off the ground 
to start off with - 10 times as high. That’s a lot of work for you! 

Before 

To sy/o\rd Bv\A 

all V^avc bo \^0 
Jc s-ba^kablc shoots all 
i\\t >way up \)cre! 


We’ve now redesigned the 
lever as a pan balance. This 
is so that you only have to 
lift the stackable stones the 
minimum height necessary 
(onto the pan) and not all the 
way up to the top of the lever. 


The I 3\rn\ is lO tiroes -the IchJ-th 
o^* "the shoirt av-m, so the tY\d has -fco 
stairt lO "times -Pu\rthcv- -Pvom -the 
仏扣七 he dis-ta^dc you y/a^-t 
io li*f 七七 he sv/ord 3y\d s-fco^c- 



1.00 m 



个 O.ilO m 

■fcj- X -«■ ■■ ■ ■ J 


The I^O o-f stadki^ sWs 
v\ccd *to 50 doy/r\ by \ 00 m *to 
sy/ovd By\A s*tor\C 0\0 




Another way of lifting the sword and stone would be to make 
the two arms of the lever the same length and use 1500 kg 
of stackable stones. You only have to lift the stacking stones 
0.100 m instead of 1.00 m - but you have to lift 10 times as 
much weight to take advantage of the smaller displacement! 


l-f you pu*b 
-fuld-vum m 七 
dcr\*bcv, *bV^c s*tadk'm^ 

s*tor\CS do 灼’七 r\tt& 

{jo move do>wir\ by so 
muA *to W 七七 & 
sy/ovd dy\d S'to^c- 




0.100 m ^ 



个 O.ilO m 

■m- X -«■ ■■ ■ ■ j 
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movement, force, and work 


Whew you move an object against 
a force, youYc doing work 

You have a job to do - lift the 1500 kg sword and stone 0.100 m 
in the air by overcoming the gravitational force on it. In 
physics, if you displace an object in the opposite direction 
from a force that’s acting on the object, you’re said to be 
doing work on the object against the opposing force. 

So when you lift a stackable stone, you do work on it against 
the force of gravity. And if a pile of stackable stones lifts the 
sword and stone (using a lever) then the stackable stones do 
work on the sword and stone against the force of gravity. 


To do WORK on an 

otject, you need to use a 

FORCE to DISPLACE 

tke object in tke 
opposite direction irom 
anotker iorce tliat’s 
acting on tke object. 


The work you need to do a job - 
force x displacement 

In physics, the word work has a very specific meaning. 
When you do work on something against a force (e.g. by 
lifting it against the force of gravity), the amount of work 
you do depends on two things: 


The component of the force you exert on the object 
that’s parallel to other force you’re working against. 
When you’re lifting something against the force of gravity, 
this is the vertical component of the lifting force. 


The displacement of the object in the same direction. 
When you’re lifting something against the force of gravity, 
this is the vertical component of the displacement. 


Wovk dor^c 


OY\ 



w 


Be ^av-c-ful — wo\rk 
bc^'ms with the same 
lettev- as wei 


c^f the -fo\r^c you 
cx.c\r*b oy\ i*t that’s pav-allcl 
*to -fov-^c opposmj it 



Ax 




Displademeirrt m 
sarwc dilredtioh as 

ol 

av-allcr. 


After 


Before 


YouVc (ortt F 

oy\ the s*ta^k'mg s*to^c *to 

i*t displa^Cw»Ch*t A 夂 . 



j Weight = mg ， 

F, opposing ^oYtt 

s*to^c ； s y/cijht) av-c all 

^allel here, so l/V =• PA 乂 


is *thc 

object’s 

weight 


The work you do on the object is defined as the he 
parallel component of the force you use to move the 
object x its displacement. This can be written as: 


W = F m Ax 

where H^is the work, Ax is the displacement and F (( 
is the component of the force you’re exerting on the 
object parallel to the object’s displacement. 
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torque and work 


Which method involves the least amount of work? 


You’ve come up with two different 
ways of lifting the sword and stone 
using a lever and some stackable 
stones. You can either lift 150 kg 
of stones 1.00 m, or 1500 kg of 
stones 0.100 m (depending on 
where you put the fulcrum) to 
enable the stacking stones to lift 
the sword and stone. 


Wken you lift an 
object ，you do work 
on it hy displacing 
it upwards witk 
an upwards force 
tkat counters 


150 kg of stackable stones lifted 1.00 m. 

Before 


Stackable 
li-Ptcd up 


l-P *thc -Pukvurw is heve, 

you or>ly r\ttA \^0 kj o( 
s-fcadk'mj s-fco^cs, but you 
r\ttd -fco li-Pt them 1.00 


1.00 m 



个 O.il 0 m 


1500 kg of stackable stones lifted 0.100 m. 


Stackable s-to^cs 
li-Ptcd up O.lOO rw. 


tke downwarcts 
gravitational iorce. 

— your pencil 


0.100 



,,s 

|-f -fultvum IS V>cv-c, you 
y\ttd \^00 o( s*tadkablc 
■s-toncs, bu 七 you *to 

七 hem O.lOO m. 




个 O.ilO m 

-w A-w »r- - J 


It would make sense to choose the easier method - the one that involves you 
having to do less work on the stackable stones in order to get them from the 
ground into a position where they can lift the sword and stone. 


You need to do work on the stackable stones before they can do work on the sword and stone. But which 
method involves doing more work? Calculate the amount of work you need to do to: 


a. Lift 150 kg of stackable stones 1.00 m. 


b. Lift 1500 kg of stackable stones 0.100 m. 


c. Comment on the sizes and the units of your answers. 



tt’m 七 : *thc u^i-ts o( work -from 

*thc u^i*ts *bhc v/d\riable o 的 *thc 

\\By\A side o*f *thc C^uatio^ 
you use *to ddldulaie the wov-k. 


you are here ► 


539 


























































work and torque 


your pencil 


You need to do work on the stackable stones before they can do work on the sword and stone. But which 
method involves doing more work? Calculate the amount of work you need to do to: 


a. Lift 150 kg of stackable stones 1.00 m. 

Li-ftmg -fordc sdme siz^ as so F — 

l/V 二 FA>^ =■ 150 x ^.0 x 1.00 

W =• I 午 70 (冬 sd) 

c. Comment on the sizes and the units of your answers. 

Bo*th ideas involve do'm^ same amourrt of y/ork ov\ s-bddkable stoics. 
The uhi*ts work are -fov-dc ^ dispUdcmCh*t- Force is measured m Newbohs 
dhd displadCinr\Ch*t m rwC*tcvs, so uhi*ts o-f y/o\rk arc htmn. 


b. Lift 1500 kg of stackable stones 0.100 m. 

Li-ftmj -fordc s9mnc siz^ ds wci^lvt> so F ==■ 
W nPAx 二 1500 x ^.0 x O.lOO 

W =- WlO ^ (3> sd) 



V^u say “(Vevrtcm metev-s^ i-P 
you’ve say'mj -this uhi 七 out loud. 



vector, work 
is a scalar. 


Hey - torque and work have the same units, 
force x distance - Nm. Is that significant?! 



Work and torque are different because 
they involve different displacements. 

Even though they share the same units (Nm), torque 
and work are very different things. 

Torque, T = rF ± , tells you how good a force is at 
turning something. The displacement in the 
equation is from the fulcrum to where the force makes 
contact, which is multiplied by the component of the 
force perpendicular to this displacement. 


Torque is a vector, as the turning can be clockwise or 
counterclockwise along any axis in three dimensions. 

Work, W = ( Ax, is a measure of how much 
energy you need to move an object using a force. The 
displacement in the equation is the displacement 
of the moved object, which is multiplied by the 
component of the force parallel to this displacement. 


Work is also a scalar, as the same amount of work will 
be done by the same size of force moving something 
the same distance, regardless of direction. 


lVi*bh TORQUE, ^o>rtt 



With iVORJs, 
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torque and work 


Work has uwits of Joules 

To avoid getting confused because torque and work 
have the same units, scientists measure work in 
something called Joules ⑴ where 1J = 1 Nm. If 
you’re answering a question about work, you should 
always give your answer in Joules. 


But if I lift a stone quickly, it 
makes me more tired than if I lift 
it the same distance but more slowly. 
How can you say I*m doing the same 
amount of work both times?! 


Work is 
measurect in 
Joules. 

Power is tke 
rate at wkicli 
you cto work. 

- Powers mcasuv-cd 
•m Joules pev- 
sctoy\d) J/s 


If you lift something in a shorter 
time, your power output is higher. 

Work is measured in Joules. You do the same 
amount of work to lift the stone the same 
distance each time, regardless of the time it takes. 

The difference is your power output. Power is 
the rate at which you do work and is measured 
in Joules per second J/s). 


Because of how your body functions, you get 
more tired if you do the same work in a shorter 
time with a higher power output. So how tired 
you feel won’t always correlate with the amount 
of work you’ve done. 



tJiereicjre no ^ 

Dumb Questions 


I don’t like how physics steals 
words like ‘work* and ‘power’ and 
makes them mean different things 
from usual. 

Many words can be used in a 
variety of ways in everyday speech. 
You’re right that in physics, words 
like work, power, and force have very 
specific meanings, but they have to so 
that people know exactly what you're 
talking about. 


I can make myself tired 
without doing any work at all if I hold 
my arm out at shoulder height with 
an object in my hand. The weight’s 
not moving, so I’m not doing work 
on it. What’s that all about?! 

The fibers in your muscles are 
continually expanding and contracting 
(moving as a result of a force) to enable 
you to do that. You are doing work, but 
on your muscle fibers, not the object! 

A table can support the object quite 
happily without doing any work on it! 


Q/ You said over there that “work 
is a measure of how much energy 
you need to move something with a 
force.” Is 'energy 5 another of these 
physics words with a very specific 
meaning? 

It sure is - and you’re going to be 
doing a lot with energy in the next few 
chapters, starting now... 
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energy is conserved 


Ewcrgy is the capacity that 
something has to do work 


Lifting stones is like trawsferriwq 
energy from owe store to another 


If something has the capacity to do work, it 
means that it is able to exert a force to displace 
an object. But how much work might it be able 
to do? 


The gravitational potential energy that the stackable stones 
gain when you lift them doesn’t just ‘appear’ from nowhere. 
You can think of the food you eat as a store of chemical 
potential energy, which your body can tap into to do work. 


Energy is the capacity that something 
has to do work. By lifting 150 kg of stackable 
stones 1.00 m, you are giving them the capacity 
to do Fi px = 150 x 9.8 x 1.00 = 1470J of work. 

Another way of putting this is that you 
have given the stackable stones 1470J of 

gravitational potential energy. 




Energy is conserved 

The total energy of everything 
in the entire universe is always 
constant. Closer to home, the 
total energy of an isolated 
system (for instance you, 
stackable stones, lever, sword 
and stone, plus surroundings) 
is always the same, or in other 
words energy is conserved. 


Energy is 
conserved. 


You y/o\rk 

oy\ -the s-fco^cs 
leads -bo 
*tv*a^s-Pc\r -fv-orw 
you -bo 七 he s-bo^cs. 


You have l^lO J 
less dhemidal JJ 

po 七伙七 ial 

you did bc-Pov-c 
you li-Ptcd the 
s-ta^kablc s-to^cs. 


Chemical 
potential 
energy. 


Gravitational 
potential energy. 




=-150 kg 


1.00 m 


If you do 1470J of work on the stackable stones, giving 
them 1470 J of gravitational potential energy, you can think 
of the energy being transferred from one store to another, 
as your body has 1470 J less chemical potential energy than 
it had before, and the stackable stones have 1470 J more 
gravitational potential energy than they did before, so have 
the capacity to do 1470 J of work. 


Doing work is a way oi 
transferring energy. 
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torque and work 


The s-ta^kablc s*fco^cs have -the 
po-tc^*tial b> do l^clO J o( 
v/o\rk due -bo be’mg high. 


Gravitational 
potential energy. 


The s-ta^kablc shores do’mj wov-k oy\ 
the swov-d artdl s-bo^c leads -to c^cv-jy 
•brair\s<Pev" -Pvom *thc s^adkable s-fco^cs -fco 
the sy/ovd drtdl s-bo^c- - 一 \ 


The sy/o\rd and s^beme have 

l^clO J of yavi-ta-tio^al 

po-tc^*tial c^cvjy as -thcy^vc 
had \^clO J or v/ovk dov\t 
■therrv ("bo l^OO kg 
a displatcmc^-t o( O.l00 m 
aymst 七 he -Pov-dc of jv-avi-ty.) 


1.00 m 








1500 kg 

个 —L 」 

I 

L — 

i 

i 

i 



Gravitational 

potential 

energy. 


If the stackable stones then do 1470 J of work 
on the sword and stone (via the lever), you can 
also think of that as 1470 J of energy being 
transferred from one store to another. 


ttc\rc, we’ve used jv-ou^d level as 
3 v-c-Pcvc^^c pom 七 "to measuire all 
七 he displadcmc^-b -fvom. 


The 1470 J that started out as chemical 
potential energy in your body has ended up 
being transferred to gravitational potential 
energy in the sword and stone (via the 
stackable stones). 


You can tkink aLout any 
pkysical process tkat 
involves ckange in terms 
oi energy transfer. 
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energy cofiserva"of7 



O 


Why are we doing all this stuff 
with energy, when we already 
know where to put the fulcrum?! 


Energy conservation allows you to 
solve tough-looking problems quickly. 

Back on page 528, you used forces, torques, similar 
triangles, substitution, etc to calculate the best way 
to lift a 1500 kg sword and stone using 150 kg of 
stackable stones and a lever. 




<r 


a Write down an equation for L, the total |® ng ^ h 

ofThe lever, in terms of r, and r 2 . (R_ mber : 
° ； andr 2 are vectors, so do a sketch and be VERY 

careful with signs!) 

Irft W，# 

make L a vetW 3 。叫 心 0 m 1 说松 ' ^ i 

L 、 l“ou those a diU: 

— - 一 " 7^ W.vo^ def— 如?。”广 

■ 1 divetWf 邮桃 V 1 " 

咖 k same _m 如 end, 

but son,e tV>e n,m«s m 
从 e alybva n-ay be diWevent 

c. Use these two equations to work out an equation 

for r, in terms of m v m 2 and L. 

Need to Je a substitution b> ^et vid of 
Reavva 呼 e«v*aW W ?狄七 a: 

、二 L + % 

Substitute tW.s m-b ev aW 尖⑽ ？ 狄七 b: 

, + r^ - 0 

二 0 


e q ul!bri W oVthele 0 vt(^ 

wm allow you to lift the sword and stone). 


«ir 




P, 








+ (L 


L>m 


V”i 






二 一 Lm 




,^-r^) - 


put Watkc-b so 
onl 7 or^t 

ottyArrtM ok oy\ 

■the It 奸 ^a«d side- 


—L，m 


The W<V* e be 

W + VV ? (二 0 <~\^ '广 

^ P i. - n 一七 i—dfey 少 

今 V"i + V\ 一 u so .,UawU. 

H If the lever is 10 m long, the sword and stone have 
a mass of 1500 kg and the stackable stones a mass 
of 150 kg, how far from the sword and stone en 
should the fulcrum be placed? 

Use Muat.o« W ?avt t- ^ vaWs 
U f is statable sWs a«d ^ is ⑽ d a«d 

- 匕州 z This is as we 

r i 二 UTT^ry r«adc Ic-f-t {o Vi^t 

1 1 \ I iKc positive div€tiio>r». 

-io x _ 二 一⑽』 《 i) I 
'一 (lioTiioo) 

V is the d_bte««ent W 栋 e statable 
stones end - need to ^orV out 

Delate 一“一喊 d a 山 W e«d 
V ? 二匕 + ’ 

\o-°io°i - o.X ; sd) 


Z - 


>U doir / 七 wa^-t bo 
have *to Jo -thv-oujh all 

C^f *this (a^d S-till r\o*t 

kui*tc je 七七 he do\nre^t 
a^sy/cv-) "thev-c^s 
casicv way ... 


But that was a complicated calculation where you 
had to be very careful with minus signs! And what’s 
more - it wasn’t obvious what height the stackable 
stones should start off at to lift the sword and stone 
the correct height (0.100 m off the ground) even 
when you’d worked out where to put the fulcrum. 
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torque and work 


Ewcrgy conservation helps you to solve 
problems with differences iw height 

The stackable stones are able to lift the sword and stone because of 


DiHerences ctrive 


the difference in height between them. 

With the lever in place, this difference in height causes a change 
in height for both the stackable stones and the sword and stone. 
This process involves energy transfer, from the stackable stones 
to the sword and stone. 

You give an object gravitational potential energy by doing work on 
it, W — F ( ( Ax. As the force you’re working against is the object’s 
weight, mg, and you’re lifting it to a height, h, the gravitational 

potential energy you give the object is t/ = mgh. 

§ 

Owe of our stackable stones is missing 

Unfortunately, in between your first attempt at lifting the sword 
and stone (where it lifted but didn’t go high enough) and this one, a 
stackable stone has gone missing. Now you only have 9 stones each 
with a mass of 15 kg instead of 10 ... 


cltangfes tkat leact 
to energy transfer. 


Po 七⑶七 ial 
has -the symbol U. 

Su 

9f ) 

The J subs£rip 七 shows 
you it’s jvavi-tatiohal 
poichiial 


你 3 is 七 he objects y/cight 
- the ^oYCt you’ve domg 
wo\rk ajamstn 

mgh 


Wtrtf the 
displace rwCht 

is a height, so 

gets symbol V 
"to VCrwihd you 
o-p -this. 


^^arperi your pencil 


You are using a lever to lift the sword and stone (mass 1500 kg) a height of 0.100 m off the ground. 


a. How much gravitational potential energy are b. You have 9 stackable stones available to put 

you giving the sword and stone? on the other end of the lever, each with a mass of 

15.0 kg. How much gravitational potential energy 
do you need to give the stackable stones in order 
for them to be able to lift the sword and stone to 
the required height? 


c. What height do you need to lift the stackable stones to? 
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energy transfer 


Sharpen your pencil 

Sobtion 


You are using a lever to lift the sword and stone (mass 1500 kg) a height of 0.10 m off the ground. 


a. How much gravitational potential energy are 
you giving the sword and stone? 

u = 


u 

c 

u 


— 

1500 x ^.0 x O.IO 

\Mo J «sd) 


5 = 


v\Ctd *to give sy/o\rd dhd s*tor\C 

l^clo J o-f ^ravi-tatiohal po*tch*tial ehev^y. 


b. On the other side of the lever, you have 9 
stackable stones, each with a mass of 15 kg. How 
much gravitational potential energy do you need 
to give them in order for them to be able to lift the 
sword and stone the required distance? 

The s-badkable s-to^cs Y\ttd *to be able -bo do 
l^rlO J o-f work oh sword dhd s*tohe. 
Thevc-forc you Y\ttd bo give l^clO J o-f 
gvavi-ta-tiohal po*tcr\*tial chcvgy. 


c. What height do you need to lift the stackable stones to? 

Mass s-tadki^ stoics =• ^ x |5 =. Wo k^. 


U 


U 




I 午 70 



叫 B5 x ^.0 


Ml r, (l sd) 


This makes sense, as it’s 
rwov-c 1.00 rw ( 七 he 
you’d have needed 
■fco li-Pt 10 sior\cs). 



Dumb Quesd 


9 ns 


Why are energy and work useful? 

Using energy conservation and work 
to do problems is often more straightforward 
than using forces. 

Can you give an example of where 
using energy conservation to do a 
problem is easier than using forces? 

If the problem involves differences 
in heights, for example if you need to lift an 
object, then using energy conservation is 
faster than using forces. 

Any time there are differences that 
drive change, think about using energy 
conservation to solve problems. 


So what IS energy? It has the same 
units as work - does that mean they’re 
both the same thing? 

Not quite. Energy is the capacity that 
something has to do work. 

But I thought that energy was 
something to do with electricity? Like 
when you use a food mixer or boil a 
kettle, you’re using energy, aren’t you?! 

Energy can be stored in a number of 
different ways - we've already mentioned 
gravitational potential and chemical potential 
energy. Electrical potential energy is another 
way - but we won’t be dealing with that in 
this chapter. 


Tkink - wkat was 
tke ctiiierence at 
tke start, wkat 
ckangfe diet it cause ， 
and wkere kas 


energy transier 
taken place? 
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torque and work 


Will energy cowscrvatiow save the day? 

You’ve just calculated that lifting 135 kg of stackable stones 1.11m 
gives them 1470 J of gravitational potential energy. This allows the 
stackable stones to do the 1470J of work required to lift 1500 kg of 
sword and stone 0.100 m. 


Gravitational 
potential energy. 


丁 he s-ta^kable s-fcohcs do l^rlO J 
>wo\rk Oh the swo\rd 3hd s-fcohC to 

thcru O.lOO tv-ahS-Pcv-vihg 

I 午 70 J “ g\ravi-tatiohal potential 

ChC\rgy -to th 加 .So you hope … 



Gravitational 

potential 

energy. 


The rules say that you’re allowed to 
have two attempts per lifetime, and this 
is your second attempt. Here goes ... 


Oh. The sword and stone wobble a little, but don’t go up 
in the air. They’re very close to leaving the ground, but 
haven’t quite made it. 

If you can think quickly and work out what’s gone wrong 
and how much extra you need to add to the stone side of 
the lever, there’s still time to rescue the situation and claim 
your half of the kingdom! 





You’ve done the same amount of work on the stackable 
stones as you want them to do on the sword and stone. 
So why haven’t you managed to lift the sword and stone? 


you are here ► 


547 























friction, force, and work 


0 



I just don’t get it! The sword and stone 
have nearly lifted up - but not quite. Did 
we do the calculation wrong or something? 


Jim: Might it be a rounding thing - like, we calculated the amount 
of work we’d need to do on the sword and stone then rounded 
down to 3 significant digits, so didn’t do quite enough work on the 
stackable stones? 

Joe: I don’t think it’s that. We did calculate the energy at one point, 
but we didn’t use the rounded value to work out the height. We just 
used proportion - a tenth of the weight meant ten times the height. 

Frank: Hang on ... you said ‘weight’ didn’t you?! Look! Now that 
the lever’s at a much bigger angle, the force of the stackable stones’ 
weight isn’t perpendicular to the lever any more - look! So we’re 
using less torque than we thought. 


Jim: But the weight vector of the sword and stone isn’t 
perpendicular to the lever either. So its torque is less too. And as 
both force vectors make the same angle with the lever, the torques 
they produce will still be the same whatever angle the lever’s at. 

Frank: Hmmm. I think you’re right. There must be another reason 
that we’ve not managed to do enough work on the sword and stone 
to lift it properly. 

Joe: Wait...this isn’t an ideal situation...what about friction? 

Frank: How do you mean? 

Joe: Well, if there’s some friction in the fulcrum, we’d need to use 
more force to overcome it than if it’s perfectly frictionless. 

Frank: Ahh ... we’d be doing work against the force of friction as 
well as doing work against the force of gravity! 


Jim: But how can you tell? It’s not like the fulcrum gets lifted up. 


Joe: Right...but before, we were expecting to use 100% of 
the stackable stones’ gravitational potential energy to do work 
against gravity to lift the sword and stone. But we also need to do 
work against friction in the fulcrum. So not all of the stackable 
stones’ energy is available to lift the sword and stone. Quick - find 
something else we can put on the lever ... 
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torque and work 


You need to do work against friction 
as well as against gravity 

The sword and stone are teetering on the brink because it’s 
impossible to be 100% efficient. 




Your calculation assumed that all of the 
gravitational potential energy in the stackable 
stones would be available to do work on the sword 
and stone, so that all the stored energy you started 
with would be transferred in this way. 

But there will be friction in the fulcrum of 
the lever, and some of the stackable stones’ 
gravitational potential energy will go towards 
increasing the fulcrum’s internal energy as you 
do work against the force of friction. 

^'n But as long as there isn’t too much friction, it 
shouldn’t be too difficult to tip the balance ... 



Fortunately, the fulcrum’s well-oiled, and the 
simple act of hanging your coat on the stackable 
stones is enough to tip the lever, lift the sword and 
stone, and gain you half the kingdom! 


Result! 
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internal energy 



There you go again with all that 
internal energy, blah blah blah* stuff. But 
you haven't told us what it actually is yet! 


O 


Internal energy is about what’s going 
on with particles at a microscopic level. 

Everything is made from particles (atoms, molecules, 
and so forth). These particles are never stationary - in 
a solid they vibrate and in liquids and gases they move 
around in random directions. 

If something’s internal energy increases, it means 
that the atoms/molecules move more rapidly. Its 
temperature is a measure of this - objects with 
higher temperatures have higher internal energies. 




s(p 

bond. 


r 

^•fcoms v'lbvatc 
bo dr>d -f vo. — ^ 



Lower internal energy 




1 ( sioms a\rc vibv-atmj 
rwo\re vijov-ously, 七 hen 七 
•m 七 ⑽ al is hi 咖匕 

Higher internal energy 


|-f pavti^lcs avc W'ov'm^ 

q q 个 -fas*tcv~ oy\ avcvajC) 

〆 丄 0 ,s “吵伙. 

Higher internal energy 


Tke kiglier sometliin^s temperature, 
tke liiglier its internal energy. 



7cr>r»pCV-a-tu\rc is 
a mcasuvc o( 
ihicirhal cr>cv-gy. 
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torque and work 


Porng work against frictiow 
increases internal cwcrgy 

It’s possible to increase something’s internal energy 
by doing work on it against the force of friction. 
The most obvious way of seeing this is by pushing 
something along the ground. If you push it long 
enough, its temperature will increase (and so will 
the temperature of the ground). 

If you think about the particles as marbles, the 
two surfaces moving over each other is a bit like 
like jiggling and jostling a tray of marbles around 
so that the marbles end up with a greater average 
speed, and therefore a greater internal energy. 


Ewirgy bravis^ by do\^ 
wo\rk agaihS-t (o\r(，c o( -Pv-idtioh. 



mtv-casc m*te\nr>al blo^k is^*t 饮 a 七 

so yarned 
yavi-tatior^al 


Something similar happens in the fulcrum of the lever, where the 
moving parts rub together. This time, most of the gravitational 
potential energy in the stackable stones does work against gravity and 
is transferred to gravitational potential energy in the sword and stone. 


But work is also done against the friction that comes from the 
moving parts of the fulcrum rubbing together. This leads to some of 
the stackable stones’ gravitational potential energy being transferred 
to the internal energy of the fulcrum. 


a\r\roy/s 

V"cpv-cscr\*ts p\ropov*tioir\ 
Jc *bv-ar\s-fc\r\rcd 

m eaA >way* 


-tv-ahs-Pcv by 
dorng y/ovk 

^ -fov-dc o( jvavi-ty- 




TKcVVs slightly less yav’rta 七 i 。 灼 al: 

potential a*t *thc cy\A 
*tV>cv-c >was a*t s*tavt 
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energy transfer and temperature difference 



But a kettle doesn’t heat water by 
doing work on it, right? Is there more 
than one way of heating things up? 


Heating increases internal energy 

In physics, heating is defined as energy transfer caused 
by a temperature difference. If an object with a 
high temperature is placed in an insulated bucket of low 
temperature water, the internal energy of the water 
rises and the internal energy of the object falls by the same 
amount, until they are both the same temperature. (This 
process is sometimes called heat transfer.) 

If you imagine the particles in each object as marbles, then 
it’s like fast-moving marbles in the high temperature object 
continually jostling slow-moving marbles in the cold water, 
until the balls in both are moving with similar average speeds. 



Lowcv 


Energy transfer 
by heating 


Same -tcnr»pcv-a*tu\rc 


Internal 

energy 


ttcv-c, we’ve ov\\y shovm 

■the 

-tv-a^s-Pcv-v-cdl as a l stav*’. 
The high -tcmpcvatuv-c 
blodk s-till has 

Its jus-t r\o 

move *tv*a^S-fc\r 

tak'ma pladc because 
t d\(\t 


is 

七 he 



ttijhcv •tcmpcv-a-tuv-i 


Internal 

energy 


pav 七 ides 


rcv-c^c m 


Heating is energy transfer caused 
ty a temperature ctiiierence. 


•tcrrvpcv-a*tu\rc hds 
evened ou*t- 


552 Chapter 13 









torque and work 


Ifs impossible to be 100 文 efficient 


Back with the sword and stone, you’ve realized that not all of 
the gravitational potential energy in the stackable stones will be 
available to do work against the force of gravity by lifting the 
sword and stone. You also need to do work against the force 
of friction in the fulcrum - which you’ve successfully done by 
hanging your coat on the stackable stones! 

The efficiency of your lever is the fraction of energy that it 
can usefully transfer to the sword and stone. Increasing the 
internal energy of the fulcrum isn’t useful to you! The total 
energy is always conserved - some is transferred to the sword 
and stone and some to the fulcrum. 


EHiciency is tke 
fraction ol energy you 
can usefully transfer. 



It’s like having a banking system where you’re not able to 
transfer dollar bills from one place to another without some of 
them going through a shredder! You could try not transferring 
any of your money - but then you’ll never be able to do 
anything useful with it! 

Wovk dor\C """"" 

^coru of yav'i-by 


lVo\rk Aov\t 

七 he 

(orU <Jc 
七 io 灼 


1 00% 


TWis 
is jus*t 


Gravitational 
potential energy 
store - can use it 
to do work. 


Energy you put into 
the system. 


Internal energy 
- disordered - can’t 
harness it to do 
work easily. 


It’s impossible to te 100 % 
evident wken transierringf 
energy from one store to anotlier. 
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energy and work 


Fireside Chats 



Tonight’s talk： Energy and Work go head to head. 


Energy: 

Oh hi work, what are you up to today? 

Hey - there’s no need to get so hot under the collar! 
What’s up? 


Oh yes, I have rather hogged the limelight recently! 


Well, to be fair ... Fm in there too! 


But if it wasn’t for me, you wouldn’t be able to 
happen at all! 

Well, energy is the capacity that something has to 
do work. If something doesn’t have a capacity to do 
work, then it can’t do work. No me - no you! 


I’m the capacity that something has to do work! 

OK then - I’m always conserved, and I can’t be 
created or destroyed. How about that then?! 


Work: 

Whatever it is ... it’ll be more useful than what 
you’re up to, I’m sure! 


Well, to tell you the truth, I’m feeling a little left out. 
It was great back at the start of the chapter when I 
was the star of the show. I loved the attention. But 
now you’ve come along, people are thinking almost 
exclusively about you instead. 

Yeah, and it’s me who’s the useful one! If you want 
to get something moved by applying a force, I’m 
right in there! 

But only as a noun - not a verb. If work is done on 
something, the energy is transferred. See? 

Err ... I don’t think so. How can you say that I 
depend on you? 


There you go - playing with words as usual and not 
letting yourself be pinned down. At least I know 
what I am - a displacement x the component of a 
force in the same direction. But what are you? 

That’s not what you are though - that’s just words! 


Well, it sounds a bit metaphysical - but is it physics?! 
And it still doesn’t tell me what you actually are! 
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Energy: Work: 

I guess that’s because you can’t pin me down 
really. You can’t measure me directly. You can only 
measure changes as I’m transferred from one thing 
to another. 

Ha! Now there’s where you can’t get on with your 
life without me!! You need me! 

Meaning ... 

Well, when work is done, energy is transferred. If it 
wasn’t for me, you’d be totally stuck in one place all 
the time. No holidays, no day trips -just stuck. 

That’s not entirely true. Yes, doing work is one way 
of transferring energy, but I can also be transferred 
through heating, if there’s a temperature difference 
between two things. The hot one gets cooler (so its 
internal energy gets lower) and the cool thing gets 
hotter (so its internal energy gets higher, until they 

both have the same temperature . . 

But that’s all the same, isn’t it? Where’s the 

excitement?! At least when I act on something, you 

usually get transferred in a different way - like into 

something’s potential energy. I give your life variety! 

Yeah, but sometimes you do transfer me to raise 
something’s internal energy as well - when there’s 

friction involved. .. . 

Ah yes, friction. I hate him. Y’know, the reason I 

didn’t get a bonus this year was because I wasn’t 

efficient enough. And guess whose fault that was! 

Yeah ... I guess that’s something we agree on. I don’t 
get to go to such interesting places if there’s too 

much friction. . 

But I’m still more useful than you! 

And you still couldn’t do anything without me - so 
there! 

Whaaatever. 
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A “turning ¥orce w equal to component of force 
perpendicular to arm x distance from the fulcrum 


When moving an object in the opposite direction from a 
force, work done = force x displacement parallel to force 

The capacity that something has to do work. 


The capacity something has to do work due to its 
increased height. 


The total energy of a system must be the same before 
and after a change to the system，as energy is conserved 


Torque 

Work 

Energy 

Potential 

energy 

Energy 

conservation 




the world of physics 
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Your Physics Toolbox 


You’ve got Chapter 13 under your belt 
and added some problem-solving tools 
to your toolbox. 


KK ^cco y\C-t 

|-f you have a problem y/hcv-c 

6ould V'O'td'tc 

you have to y/ovk out *t^c ^coyu 
you r\ttd bo af f ly *b make suve it 
doesn't, *tKcr\ you 3v-c asked 

-fov-dc is vc^uiv-cd -fov *bhcv-c *to 

be zjCvo Y\ti *bov<\uc. 

iVhcw youVc y/ovk*m^ -tov-^ucs, 

■take davc -to make o^c divedtio^ o-f 

vo-tatio^ fositwc and st»^k >/i*b^ »*t* 


w £poi iKe di-ffcvchdc w 

Di-f-fc\rchdcs drive dha^es that lead 

b> ChC\rgy *t\rahS-fc\r. 

I*f 七 he\rVs a di-f-fc\rchdc ih 七 he hcigh*t 
°*f 3h object bc*ty/cch 七 he s*ta\rt 3hd 
-fihish o-f a p\roblcm ; look dhd see 
i*f you CS\r\ use ChC\rgy dohSC\rva*tioh 
ihstcad of fortes -fco solve it 


ah obje^-t 

/-P you have t> \\h 3h objedt ih a 
!hys 心 pvoblc^, you should Assume 
仏义 the mihimum foUc you \r C a u i^ 

ob jc ^s weight Uless 
theire is Vdi 0h i hVo |ved). 

[ L his . is bc ^ usc ^wU ； s /st Law says 
that with Wo hei W c； ah obj^t 

^Ohtihucs with d Coyysiavyi velocity. So 

。心 you ； vc 9 oi it 9oih9 upw^ds wiih 

cx 七' ^ ^ud3c ； , you ohly heed 

：° a We c^ual io its wei 9 hi 

to maiirt^ih *rts vclo^i*ty. 


pom^ >wov*k 

p，_k is a 叫 d WW-5 
c^cr^Y -fv-om o^c sWe ^ cr * 

V ou do v/ork a〆 a yav 如 W 

W W 咖 a, obje 句 ou •一 e 

•如 ^avitat»o^al ⑼ cry/. 

V ou do Y/ork a〆 a “七’ J 

如 m W 叫 7 oU? o^tcU 

op 七 su^atc it's m Co^ci >w»t . 
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14 energy conserVcition 


Making your life easier ♦ 



Why do things the hard way when there’s an easier way? 

So far, you’ve been solving problems using equations of motion, forces and component 
vectors. And that’s great - except that it sometimes takes a while to crunch through the 
math. In this chapter, you’ll learn to spot where you can use energy conservation as a 
shortcut that lets you solve complicated-looking problems with relative ease. 


this is a new chapter 
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what’s it like? 


The ultimate bobsled experience 

The fairground has designed a unique, new, state-of-the-art 
bobsled track that’s due to open soon. But before anyone can use 
it, it has to be designated as safe to ride. That’s your job. Even 
though you’re not a bobsledder, you can still use physics to figure 
out whether or not any adjustments have to be made. 

From the start to checkpoint 1, the track has a uniform slope. 
Between checkpoints 1 and 2, the track drops 30.0 m, but the 
track undulates - the bobsled’s even going uphill for a bit! Then 
the third part of the track is totally flat - where the bobsled is 
stopped by applying its brake to the ice. 

Your job is to work out what the bobsled’s speed will be at each 
checkpoint, and how hard you need to brake at the end. 



Start Checkpoint 1 Checkpoint 2 



Start any problem witli 
a sketek and ty asking 

yoursell ” Wltat’s it LIKE?” 





Can you see any parts of the bobsled track 
that you already know how to deal with? 
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You avc iicv-c- 


energy conservation 


Hey ... haven’t we seem something 
going down a uniform slope before?! 


You already know how to do this! 

The first section of track looks like the 
WeightBotchers machine from chapter 11 where 
the person on a set of scales slides down a slope. 

Even if the later parts of the track look tough, 
you can still start with what you can already do! 


r^l^rpen your pencil 



You eah alvcady handle th 

-fiv-s-t part o( ihc ivadk. 


c 


A bobsled, mass m, travels down a uniform slope that makes an angle of 40.0° with 
the horizontal and drops 20.0 m in height between the start and the first checkpoint. 

a. What distance does the bobsled travel between the start and the first checkpoint? 




b. What is the component of the bobsled’s weight parallel to the slope? 


七 : Y® u d 。 灼’七 k 灼 。 >w a value 
*fov 七 k bobsled’s mass, so 七 his 
ar>sy/ev~ be fuvcly y>umcv-*idal 

ar>d will have K rr! *m *rt 


C. What is the bobsled’s speed at the first checkpoint? 



ttiht Use Kcwfcoh^s Zhd Law 
"to move -fvom het -Povdc -fco 
^CCt\cvdihoy\, thch equations 
r^otioh -to dolkulol-tc the speed- 
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lots of triangles 


(parpen your pencil 

Solution 



A bobsled, mass m, travels down a uniform slope that 
makes an angle of 40.0° with the horizontal and drops 
20.0 m in height between the start and the first checkpoint. 

a. What distance does the bobsled travel between the 
start and the first checkpoint? 





o 

一 I。。 

h 二 W 午 0.0) 
h =1 Zl.l m (Z sd) 


b. What is the component of the bobsled’s weight 
parallel to the slope? 0 p 


10 




F, 




o 


V 


o 


Tiicsc *tv/o ar^^lcs 1 以 J CS 

add u P 10° add — . 

Bobsleds y/eijh-t — 

Py dompemeirrt Ao^iy\ slope is -the side opposi*tc 0- 

Use similar -tv-ia^jlcs *to daldulaie side ： 

|-f youv d^sy/C\r 匕 orrt^ms vaviablcs, 
J|_ 二 sudh asarulyou do/ 七 r\tt& 

31.1 I *bo 七 in uirM*ts "t-iiC 3s 

r 六 W 。」、 variables alvcadv i^avc ukrb. Bu 七 

p " 二 qHZ ， ㈤)— 1Uwd 二 ““ ? ^ly 

ytumCV'iddl 3r>sv/CV". 

C. What is the bobsled’s speed at the first checkpoint? 

O m ( a - Oi 午 3 3 ^ 

0 m/s 





O . 厶午 3 一 
d 


Triangle Tip: sketch extreme angles 

If you’re not sure which angle in your 
force vector triangle corresponds to the 
angle of your slope, sketch a slope with 

a small angle, 6. /Wakihj this a^le small 

helps you -to keep 

o-P similav* -tvia^glcs. 

Now draw the force triangle. Draw on 
the weight pointing straight down. Then 
draw in the parallel and perpendicular 
components. It doesn’t matter which way 
round you draw the components, as the 
triangle’s sides will still be the same length. 





F 


丄 


mg mg 




e 


F 


l*P you wolht the het 

*Pov~ 匕 e dowh the slope, 

it’s usually easiest 
Ql 1 "t° dv-aw the ^oYtt 
t\riahjlc this way 

with the fmallei 
oh the slope- 


l-f you wavvt -the r>ov-mal (ortt, iVs usually easiest 
-to Ara^ *tV>c 七七 iVis v/ay ro^A, 七 he 

fevf ⑼出 dulav bclo\w 七 he object- 

6 is the small angle in the slope triangle 
-so 0 will also be the small angle in the 
force triangle. 


匕、 T\\t aut\trahov\ is Oi 午 3 % 
so vemembev bo fu*t m {Mt °\^> 


二引 J 




v 


z 


? 


v/ + ZaU - >c 0 ) 


v - o + zx x x zu =i i^.e^/sfZsd) 
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Slope is -the same (or 



energy conservation 


Forces and component vectors 
solve the first part... 



The first part of the track has a uniform slope, that 
always makes the same angle with the horizontal. This 
means that the bobsled always experiences the same 
net force down the slope, as the component of the 
bobsled’s weight parallel to the slope is constant. 

And you’ve just worked out that the bobsled will have 
reached a speed of 19.8 m/s when it reaches the first < , 

checkpoint. So far, so good... . / . 

you y/a 灼七 *to ky\o>n 

•tiic bobsled’s speed 

a*t tKcdkfo'mt 


...but the second part doesn't 
have a uniform slope 

However, the second part of the bobsled run 
isn’t quite as straightforward. Although the 
track drops a further 30.0 meters, the slope 
definitely isn’t uniform - it has peaks and dips 
along the way. Sometimes the bobsled’s even 
going uphill! 

Any time the angle of the slope changes, the 
component of its weight parallel to the slope 
also changes. This means that the net force on 
the bobsled changes, so the size and direction 

of its acceleration changes. 

This is a problem, because the equations 
of motion only work when an object’s 
acceleration is constant. So you can’t use the 
same method as you did for the uniform slope. 


An otject moving ctown a 
slope is accelerated ty t\i( 
component ol its weiglit 
>arallel to tke slope. 


Rav-allcl always 

has diHevejrt s\zjc. dhd 






How can you deal with an undulating 
slope when all you know is that the 
bobsled drops 30.0 meters between 
the the first and second checkpoints? 
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changes in height 





Joe ： But the next section’s more difficult - the slope changes all the 
time! The bobsled’s acceleration won’t be constant. 

Jim: Maybe we can split the section up into lots of tiny sections? If 
the slope is uniform for a couple of meters, we could do a calculation 
for that, and then for the next bit, and then for the next bit and so on. 
Then add together all the changes in speed to get our final answer. 

Joe: That’ll take for ever! I don’t think you could do it by hand. 

Frank: You could probably program a computer to do that kinda 
job ... but I’ve no idea how to do that. 

Jim: Maybe we’re going about this the wrong way. We’ve been 
thinking in terms of forces so far, but what about energy? 

Joe: Hmmm. The bobsled loses 30.0 m of height. So the bobsled has 
more gravitational potential energy at the start of the section 
than it does at the end because of the difference in height. 


Any time you see 
a ckan^e in liei 贫 lit, 
tkink about using 


energy conservation. 



Frank: But how do we do a calculation with that? I’m not sure 
where that energy’s been transferred to! 

Jim: Yeah - but energy’s conserved, right?! So the energy must 
be transferred in some way when the bobsled goes down the slope! 

Jim: I wonder if we can say that the bobsled has energy because it’s 
moving?! Energy’s the capacity something has to do work, right? 

Frank: Yeah ... if a moving object hits another object, the first 
object will exert a force that displaces the second object. So work 
gets done. A hammer! A moving hammer exerts a force to displace 
a nail into wood. That’s doing work, isn’t it? 

Joe: I think we’d better take this further! 
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A moving object has kinetic energy 

At the top of the slope the bobsled has more gravitational 
potential energy than it does part-way down or at the bottom 
because of the difference in height. 

Moving objects are said to have kinetic energy. They’re able to 
do work by exerting a force that displaces something - that’s how 
hammering in a nail works. If the hammer was stationary and didn’t 
have a velocity, you couldn’t use it to do work on the nail!! 

Differences drive changes that involve energy transfer. The difference 
in height leads to a change in the velocity of the bobsled. This 
means that the bobsled gains kinetic energy as it loses potential energy. 
If the bobsled’s potential energy goes down by 1000 J due to the 
difference in height, its kinetic energy increases by 1000 J. 

If you can work out an equation for the kinetic energy, you’ll be able 
to use energy conservation to calculate the bobsled’s velocity at 
checkpoint 2 due to its change in height. 

This is dssum'm^ 七 hevVs 

Y \0 - and 

v/oy / 七 be 七 ha 七 wwaCM oy\ idC- 


壯 I, 

bobsled is movm% so has 
some kmctit av\d 

some po*tcv\*tial 


energy cofiservaf/ofi 





parpen your pencil 



as k*mc*bi^ 

Tke ckange in potential 
energy is tke same size as 
tke ckangfe in kinetic energy 
because energy is conserved. 


This is do*m^ >wov*k: 
1/Vovk 二 FA%- 


a. Imagine a moving hammer doing work on a nail by exerting a force on it to move it a displacement into 
a piece of wood. The more kinetic energy the hammer has, the more work it can do. With this in mind, 
what variables do you think the hammer’s kinetic energy might depend on, and why? 


Now you can collect useful equations that will help you work out an equation for kinetic energy. In this 
"Sharpen your pencil”, you’re only writing the equations down - you’ll do the rearranging and substituting 
on the next page. If you can’t remember the equations, it’s OK to look them up in appendix $. 


b. Write down an equation for the gravitational c. Write down an equation of motion for a 

potential energy of the bobsled, mass m, at its falling object that involves x, x Ql v 0 v and a. 

highest point, height h. 
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kinetic energy 


%iharpen your pencil 

Solution 



a. Imagine a moving hammer doing work on a nail by exerting a force on it to move it a displacement into 
a piece of wood. The more kinetic energy the hammer has, the more work it can do. With this in mind, 
what variables do you think the hammer’s kinetic energy might depend on, and why? 


The hammer y/ill do more y/o\rk i-f i*t hds d speed- 
The hammer will do more y/o\rk i-f i*t hds d lav-y rmdss. <r- 


So kme*tid mus-t depend oy\ bo*th mass ar\d vdodi*ty- 


The mov-c WOV"k the hammev 
^ 〆 does y/i*th cath hi*t, the 
lav-jev- the displa^cmc^*t <^f 

*thc y\B\\ with cadh hit 


Now you can collect useful equations that will help you work out an equation for kinetic energy. In this 
'Sharpen your pencil”, you’re only writing the equations down - you’ll do the rearranging and substituting 
on the next page. If you can’t remember the equations, it’s OK to look them up in appendix $. 


b. Write down an equation for the gravitational 

potential energy of the bobsled, mass m, at its 

highest point, height h. . 

Inis jives you 3^ c^fv-cssio^ 

U =1 PAx 二 ^ ^ 

5 that will be *tv-a^s+c\r\rcd 

■to kmctid 


c. Write down an equation of motion for a 
falling object that involves x, x 0 , v 0 v and a. 


v 


i 


V 


1 


o 


2.^(% 


This will help you io CoY\v\td the 
di-f-fcirc^dc \v\ hcijh*t with 七 he speed- 


If I know the difference 
in height between the start 
and end of a uniform slope, 

I can work out an object’s 
velocity at the end, right? 

Yes. If a slope is uniform 
and always at the same angle 
(like the first part of the track 
was), you can use forces and 
component vectors to calculate 
the net force on an object, and 
therefore its acceleration and 
final velocity. 



What about an 
undulating slope? Can I 
do the same to solve that 
problem? 

You could in theory... 
though not easily. You’d need 
to work out the net force on 
the object for every tiny part 
of the slope. This is practically 
impossible unless you program 
a computer do to it for you. 


Does a problem with an 
undulating slope always need 
a computer to solve it? 

No-you can use energy 
conservation. The potential 
energy that the object has at 
the top of the slope must be 
transferred to kinetic energy as 
the object goes down the slope. 

What’s kinetic energy? 

The capacity that 
something has to do work due to 
its velocity. Moving things have 
kinetic energy. 


1 know that the potential 
energy is mgh, but what’s the 
equation for kinetic energy? 

That’s what you're in the 
process of working out. So far, 
you've realized that an object’s 
kinetic energy must depend on 
its mass and velocity. And you're 
about to do some substitutions 
to see exactly how... 
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The kinetic energy is 
related to the velocity 

Moving objects have kinetic energy. 

As the bobsled gets lower down the track, some of 
the potential energy it had at the start will be 
transferred to kinetic energy. The kinetic energy 
the bobsled gains must be equal to the potential 
energy that it loses. 

The kinetic energy must depend somehow on the 
mass and velocity of the bobsled. If you can work 
out an equation for the change in kinetic energy, 
you can use it to calculate the bobsled’s change in 
velocity between the first and second checkpoints 
- and therefore its velocity at the second checkpoint. 


your pencil 



a. The two equations you wrote down on the previous page, U g = mgh and v 2 = v 0 2 + 2a(x - x 0 ), are both 
written down in the form that you’ll find them on equation sheets - but they use different letters to 
represent the same quantities. If you’re dealing with an object dropped straight down and accelerated by 
gravity, write down which variables in the equations are equivalent to each other. 


b. By making a substitution for the change in height, show that the kinetic energy (K) of an object dropped 
straight down from a stationary start at height h which started with potential energy, U = mgh is K = Vnriv 2 . 

9 
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changes in height 


(parpen your pencil 

Solution 


a. The two equations you wrote down on the previous page, U g = mgh and v 2 = v 0 2 + 2a(x - x 0 ), are both 
written down in the form that you’ll find them on equation sheets - but they use different letters to 
represent the same quantities. If you’re dealing with an object dropped straight down and accelerated by 
gravity, write down which variables in the equations are equivalent to each other. 

U =■ V Z =. + - 卞) 

|h is W, \y\ sedohd i*t s 

|h 七 he f irs 七 c^ua*tioh, *the is sedohd i*t’s a. 

b. By making a substitution for the change in height, show that the kinetic energy (K) of an object dropped 
straight down from a stationary start at height h which started with potential energy, U = mgh \s K= l/ 2 /nv 2 . 


% — % 


£*ta*tior\avy s*ta\rt> so =■ O. 
Er\cv-gy is dor\sc\rvcd, so U .. 二 K 


Its sometimes a ^ood idea b> dv-op 5 subs 乙 vip 七 

-P\rom U, i\\t yavi*tatior>al potential ⑼伙 y/. 


s-tavt 


Subs*t'i*tu*tc 

V’ V. 


丁 L • “ • L • L 丄 l • fT- TK*IS is because i\\t subsdvip-t is or>ly *to distm^uisii 

The 心 3 e m 穴外 ) .s 乂 ^ ^ U, -tKe elastid 

so a^a substitute. \ ^ c ^ ia | a ^• 吒 . 

- a situation >wKcvc 七 iieve 辦 竹。 spvmg,s, ay>d 

or\a\ -f ield 



Subs*ti 七 u 七 e h ^ 

-fov V — 木、 

° ^ 


dould be dorvfusio 灼 W\{}\ yavi*tatio^al Vield 

s*tvcr\5*tK, its best \us*t *to use *tKc symbol U W\{\\ 
subsdvift -fov 5\ravitatio^al fo*tcr>tial ⑼ evy/. This also 
allots you bo y/vrte 以 W e d 你 ove cosily. 


Tke same ckange 
in keigkt always 
leads to tke 
same ckangfe in 
potential energy ， 
regarctless ol patk. 
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But that equation’s for something that falls straight 
own, right? The bobsled doesn’t do that! 


The amount of energy transferred 
only depends on the change in height. 

The bobsled has a certain store of potential 
energy as a result of being at a certain height. Its 
potential energy store doesn’t depend on what path 
it took to get up there in the first place. 

The same change in height always leads to the 
same change in potential energy when the bobsled’s 
going down as well as when it’s going up. So that 
change in potential energy must be transferred to 
kinetic energy, whatever path the bobsled takes 
(assuming there’s no friction). The bobsled will 
always have the same change in kinetic energy for 
the same change in height. 



























energy conservation 

Calculate the velocity using energy 
cowservatiow and the change m height 

The kinetic energy of a moving object is given by the equation: 

[二 mv 2 

This means that if you know the bobsled’s mass and kinetic 
energy, you can use them to calculate the bobsled’s velocity. 



6 k = 



You can calculate the bobsled’s kinetic energy using 
energy conservation. The difference in its speed 
between checkpoint 1 and checkpoint 2 is because of 
the difference in height between the two checkpoints. 
So the change in potential energy and the change 
in kinetic energy must be the same size. 



your pencil 


A bobsled travelling down a track has just reached its 
first checkpoint (CPI).The second checkpoint (CP2) is at 
the bottom of the slope, 30.0 m lower than the first. 


W’nvt: It’s a 
good idea -to 
use subsdv-ip-b 
io \rcp\rcscivt 

at cacM 

(or 

example ^. U, 


If the bobsled has a speed of 19.8 m/s at CPI, what is its 
speed at CP2? (The bobsled’s potential + kinetic energy 
at the start will be equal to its kinetic energy at the end.) 
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same velocity = same kinetic energy 


r y our pencil 

Solution 


A bobsled travelling down a track has just reached its 
first checkpoint (CPI).The second checkpoint (CP2) is at 
the bottom of the slope, 30.0 m lower than the first. 

If the bobsled has a speed of 19.8 m/s at CPI, what is its 
speed at CP2? (The bobsled’s potential + kinetic energy 
at the start will be equal to its kinetic energy at the end.) 


CPI ： 

CPZ ： 




1 




multiplied by ^ 
So K rr! divides 
ou 七 dr\d dar\£.cls. 


v 


z 


\二 




+ V 


z 


V 


z 


Rz x x zo) + 

m m/s (.z sd) 



II you can use energy 
conservation to cto 
a problem ， it’s less 
complicated titan 
using forces. 


We said before that work is 
a scalar, right? Does that mean 
that kinetic energy is also a scalar? 



Like work, energy is a scalar quantity. 

Work is a scalar, as the same amount of work will be 
done by the same size of force moving an object the 
same distance, regardless of direction. 



Kinetic energy is also a scalar, as an object with 
velocity ， v，will have the same quantity of kinetic energy, 
K — l / 2 mv 2 , regardless of the direction of its velocity. 

A change in kinetic energy can be positive or negative. 
The sign doesn’t signify a direction, just a change in the 
amount of kinetic energy. In the same way, a change 
in mass (another scalar quantity) signifies the change in 
the amount of ‘stuff’，and can be positive or negative. 


you have a its 

is slioym by siy\. 

But you a ^umbev -, 

七 vcsul-t is always positive. 

is a s 匕 alar, 

bedduse about 

{}\t <Jc v (i*b si^) 

|^3s kccv> lost This *bKa*b 
kmct»£- must also be 3 

s 乙 alan as ^ - %mv z 


Same velocity 
means same 
kinetic energy ， 
regardless oi 
direction. 
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energy conservaf/ofi 


You've used energy cowscrvatiow 
to solve the second part 

You’ve used energy conservation to 
work out that the bobsled has a speed of 
31.3 m/s when it hits the second checkpoint, 

30.0 m below the first. 


The same change in height will always 
leads to the same change in potential 
energy - and to the same change in 
kinetic energy if there’s no friction. 





Iw the third part you have to apply 
a force to stop a moving object 

The third part of the track is flat, and is the stretch where 
the bobsled must be brought to a halt by applying a brake 
to the ice. The track design states that the 630 kg bobsled 
must be stationary by the time it’s covered 50.0 m. 

How should you go about calculating the force you need 
to apply with the brake? 


WO is 七 he 你办加认你 

mass bobsled is 
alloy/ed *to V^avc yn\\tY\ 

七 heve avc people m it 



50.0 m 


v。= 31.3 m/s 


>u v\tcd bo y/o\rk out the 

bvak'mj force s-top 

the bobsled by ihc cv\d o( 

the tvatk. 






How could you calculate the force you need to 
apply with the brake to stop the bobsled? 
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force over distance 




So, how are we gonna 
calculate the force we 
need to apply to the 
track with the brake? 




Jim: Well, there’s no change in height, so we can’t do anything 
with energy. I guess we can use equations of motion to work out 
the acceleration, and then Newton’s Second Law, F net = ma, to 
calculate the force. That would work! 


Joe ： But it would be a lot of calculations. Are you sure we can’t do 
something with energy conservation? That was easier than using 
equations of motion for the previous part of the track 

Jim: Well, fairly sure. There’s no change in height, so no change in 
potential energy. So how would we use energy conservation? 

Joe ： I was thinking - we need to stop the bobsled within a certain 
distance by applying a force. That sounds like doing work to me! 

Frank: Yeah, you do work on something by applying a force. But I 
thought you actually had to displace something with the force - not 
just shove a brake down as you slide along some ice! 


Affly a FORCE 
ovcv a DISTANCE 

*to s*top bobsled- 



Any time you 
apply a lorce over 
a distance, tkink 
work and energy! 


Jim: Wait, he might be right. When you catch a baseball, you exert 
a force on it with your hand. And your hand moves backwards 
as you catch it, so you apply the force over a distance. And that 
changes the kinetic energy of the ball. 

Joe ： So can we use the same kind of principle with calculating the 
force we need to stop the bobsled? We know its mass and velocity, 
so we can calculate its kinetic energy - AND we also know the 
distance that we need to apply the force over - 50.0 m. 

Frank: But where does the kinetic energy of the bobsled - or the 
baseball for that matter - go when you stop it?! It’s not like it gets 
transferred to potential energy, is it? 
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energy cofiservaf/ofi 


Putting ow the brake does work ow the track 

You need to stop the bobsled by applying the brake 
before it reaches the end of the course. You’ve 50.0 m to 
stop it, but you need to know what force to apply with 
the brake. 

One way of doing this problem would be to calculate 
the acceleration that the bobsled experiences as is slows 
down, then use F net = 臟 to calculate the force required. 

This method is fine, and will give you the correct answer. 

Do problems using 
energy conservation 
ii possible. 




■BE 


However, for the earlier parts of this problem, you’ve 
discovered that using energy conservation to do a 
calculation can be a lot quicker and easier than using forces. 
Work = FAx, so applying a force with the brake over the 
50.0 m distance will do work. 

But how is energy transferred from the moment the 
brake is applied to the moment the bobsled stops moving? 


oh is to imagine that you’re Ae brake. happens in terns of energy 
■er from iiie moment that tire brake is applied to tire trad to tire moment 
that tire bobsled comes to a complete stop? Write notes on tke picture and 
give a written emanation below. 





Braking 
force 

r> 

Po'm*t bvake 

is applied- 


Initial 


Final velocity 
is 0 m/s 



Displacement that force of brake acts for. 
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increasing internal energy 



BE . §QLUt! 0 ]^ 



Your job is to imagine that you ? re the brake. y\M happens in terms of energy 
transfer from tire moment lliattiie brake is ^plied to the track to the moment 
that tire bobsled comes to a complete stop? Write notes on ike picture and 
give a written explanation below. 


Braking 

force 


'Jos-tlm^ pav"*t’ide 



Final velocity 
is 0 m/s 





t ^ sc ^ 

u ^ 




Displacement that force of brake acts for. 


cr\er^y o( 

brake 


A*t *tiic stay-*t the bobsled has c^cy-gy; a*t "the cir)d its c^cv-^y is z^yo. 

The k*mc*ti^ c^cv-jy is *t\ra^s-fcv-\rcd *to *m*tc\r^al c^cv-jy of *t^c bv-akc *tv*adk, as -the 

bv-akc docs y/o\rk agams*t -fvi^tio^. The movcw\C^*t o-f *thc bv-akc ovc\r *thc *bra 匕 k kmd c^f jos-tlcs^ 
*tiiC pa\rti^lcs d^d makes -tlicm move a\roimd move vigorously 'mside *tiic bvakc d^d *thc *bra 匕 k. 


Poing work against friction 
increases the internal ewergy 

When you put on the brake, you transfer some 
of the bobsled’s kinetic energy to the internal 
energy of the brake and the track by doing work 
against friction. This reduces the kinetic energy of 
the bobsled - and therefore its speed, as K = l /2mv2 

Energy transfer also happens when small pieces of 
ice spray up from the track. Each individual piece 
of ice has a small amount of kinetic energy - not 
much compared with the bobsled’s kinetic energy 
- but over 50.0 m this will have an effect. 


Wken you cto work 
against friction, 
you increase tke 

INTERVAL ENERGY 

ol tke surfaces tkat are 
moving over eack otker. 
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energy cofiservaf/ofi 


Pav-ti^lcs have same 
3mour>*t o( *m*tcv*r>al cr>cv*^y 
>wha*tcvcv- *thc hei^irt or 
speed o( *thc objedt 


Higher mechanical energy 


Whafs the difference between increasing an 
object’s internal energy (which increases the kinetic 
energy of its individual particles), and increasing the 
kinetic energy of the whole object? 



r> 


Lower mechanical energy 


Ax 





'Pav-ti^lcs all move -toythev- 
ds whole object moves - a 

於七 ^acrosco^c displ 沉⑽⑶七 . a-ftev- i-t s be 二 Tinted 


Increasing mechanical energy moves 
particles together in an ordered way. 

If an object’s energy store can easily be used to do work, 
then it’s said to have mechanical energy. Kinetic 
energy, gravitational potential energy and elastic 
potential energy (which is like a compressed or 
stretched spring) are all examples of mechanical energy. 

Giving something mechanical energy involves moving 
all of its particles together, for example by lifting 
it, compressing it or giving it a velocity. Although the 
individual particles inside the object will continue to 
move around at random, there’s a net displacement 
on a macroscopic scale (large scale). 

This is -the 

jed:, bcW ahd 





Increasing internal energy makes particles 
move more vigorously in a disordered way. 

If you increase something’s internal energy, you make the 
random motion of its particles more pronounced. 

If it’s a liquid or a gas, you can think of this as increasing the 
kinetic energy of each individual particle as they move around. 


Witk potential or 
kinetic energy, tke 
wkole object moves in 
an orderect way. 


Pav-tidlcs m irdhdom dive&tiohs. 






个 04 


Lower internal energy Higher internal energy 


Bsch mdwidual favti^lc Kas 

move c^cv^y 七 1 ^朽 i 七 

did bc-Pov-c- 


If it’s a solid, you can think of this as increasing 
the intensity with which atoms vibrate. This is 
like giving the atoms kinetic energy and their 
bonds potential energy (like springs). 


Increasing internal energy involves many tiny 
increases of kinetic or potential energy on a 
microscopic scale. But as these changes 
occur in random directions, they don’t 
lead to a change in mechanical energy on a 
macroscopic scale, because there’s no overall 
net displacement. 
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macroscopic or microscopic 


theretcire no o 

Dumb Questi9ns 


So what’s the difference between 
mechanical energy and kinetic energy? 
The names sound kinda similar. 

Mechanical energy is a catch-all term 
for kinetic energy and potential energy - the 
kinds of energy stores that can be easily 
harnessed to do work. 

How do I calculate the mechanical 
energy of a system? 

The mechanical energy is the total 
potential energy plus the total kinetic energy. 

Why is mechanical energy useful? 

If there's no friction, the total 
mechanical energy is conserved. For 
example, you can work out the speed of 
an object that’s at a lower height than it 
started off at by working out the change in 
its potential energy. This must be the same 
size as its change in kinetic energy, which 
you can use to calculate its speed. 

What is internal energy? 

Every object or substance has internal 
energy due to the movement of the particles 
it’s made from. Particles in a solid vibrate; 
particles in a liquid or gas move around. 


Why is internal energy different 
from mechanical energy? 

An object’s mechanical energy 
changes when all of its particles experience 
the same movement on a macroscopic 
(large) scale. 

For example, if an object is lifted to a new 
height, its particles all move together in 
an ordered way and its potential energy 
increases. And if an object gets faster, its 
particles all move together in an ordered 
way and its kinetic energy increases. 

But internal energy also involves 
the movement of particles ■ which 
themselves have individual stores of 
kinetic or potential energy. Why is it 
different from the movement of particles 
in mechanical energy? 

The particles move or vibrate in 
a random, disordered way. When you 
increase the internal energy of an object, its 
particles don't all suddenly spontaneously 
relocate all together. They do move with 
greater individual energies on a microscopic 
scale. But on a macroscopic scale, the 
object as a whole stays where it is! 


Meckanical energy 
is about ckangfes on 
a macroscopic scale. 


Internal energy is 
about clianges on a 
microscopic scale. 
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^harpen your pencil 


energy conservation 



A 630 kg bobsled going at 31.3 m/s is to be brought to a halt by a brake applied to the ice track, 

a. Describe this process in terms of energy transfer. 


b. If the bobsled is to be stopped in 50.0 m, what force needs to be used? 


c. Another way of helping to stop the bobsled is for the final part of the track to be slightly uphill. If the 
track goes up by 10.0 m during the final 50.0 m, what force would be required from the brake then? 


d. If the bobsled is to be returned to the top of the track (50.0 m above the bottom) what is the minimum 
time it would take a 10.0 kW engine time to lift it the requisite height (assuming 90% efficiency)? 

A A 


(W) 3 i mOsu\rc o-p 
I — I Joule sc^ohd- 




ttmt thevVs 灼 。 so the 

only lids *to do y/o\rk yavi*ty- 


tt'mt Cakulaie the -total v-c<\uiv-cd, 

see how ma^y seto^ds i*t takes the 
*to produce "that amount o( 


- This *tha*t 

or> |y °[0% o-f 
crime’s ci^cv-^y is 
used- The 
vcs*t ^ocs -tov/avds 

•nvte\nr>al cr>cv*^y of 
vdvious mov'm^ f3V**ts- 
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energy conservation 



A 630 kg bobsled going at 31.3 m/s is to be brought to a halt by a brake applied to the ice track. 

a. Describe this process in terms of energy transfer. 

The bobsled has kme*tid energy. /\ s sloy/s do^iY\, chcvgy is *tv*ay\s-fcr\rcdi 

chcv-gy o-f -the brake ar\d -the -tv-adk mdrease. W\\cy\ -the bobsled is s*ta*tior\ary, -the brake and 七 he 

*tv"a^k y/ill be hottev *thcy were before due *bo *theiv" mdrease *m *m*tcv-hal ehcr^y. 

b. If the bobsled is to be stopped in 50.0 m, what force needs to be used? 

lA/ork doY\t — FAx. K 二 Vz^ 1 


Need *tov-id of’ all 七 he bobsled’s k'mrti^ energy by do'm^ y/o\rk a^d'ms-b -fvid*tioh. 
FA% =■ r 4mv z 

Vz^ 1 0.5 X X ll y 




A% 


50.0 


mo hi sa) 


c. Another way of helping to stop the bobsled is for the final part of the track to be slightly uphill. If the 
track goes up by 10.0 m during the final 50.0 m, what force would be required from the brake then? 

Some kmetid ehev-gy *brahs*fevred 七 。 potential ehev-gy. Tv-ahs-fcr -the v-es*t by do'm^ y/ork a^ams-b ^Vid*tioh. 

PA% + 二 Vz^m 1 

(0.5 x klO x Z\.V-) - 0>lO x ^.0 x 10.0) 

Y ^ ~ A% ^ 500 

P 二 午竹 0 hi (i sd) 


d. If the bobsled is to be returned to the top of the track (50 m above the bottom) what is the minimum 
time it would take a 10.0 kW engine time to lift it the requisite height (assuming 90% efficiency)? 


Work required *to bobsled =• =■ i>ZO x °[fi x 50.0 二 1>0^000 J (i sd) 

Er^me produces 10000 Joules per sedo^d ； °\000 Joules per sedo^d arc useful. 


Time *t^kch ^ 


IQWO 

°\000 


-S (l sd) 


thereiare no o 

Dumb Questi9ns 


|*t docs /七 matter how -fav the bobsled 
tv-avcls hov^izjoi^tally - as I 。％ as i 七 c^ds 
^0.0 m *bha^ i*t s*ta\rb, this is 

the v-c<^ui\rcd *to jc*b it uf *thcvc. 


If energy conservation lets me do complicated questions 
this easily, what’s the point of equations of motion and force? 

i\^To understand energy conservation, you needed to build on top 
of a base of the other things you mention. And you can’t solve every 
problem using energy conservation! It's another tool in your toolkit, 
but not one you'll be able to use exclusively. 


ft ： 



But I will be using it a lot, right? 


.Yes ... but when it's appropriate! A lot of scenarios will involve 
collisions where mechanical energy isn’t conserved, and you can’t 
directly calculate the change in internal energy. You’ll have to use 
other tools as well as energy for dealing with problems like that. 
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energy conservation 


Ewcrgy cowscrvatiow helps you to do 
complicated problems in a simpler way 

You’ve just used energy conservation to solve complicated and even 
impossible-looking problems in a simpler way. 

If you have something moving down or up a slope, then you can work 
out the change in its potential energy - and hence the change in its 
kinetic energy and speed - from the change in its height, no matter 
what path it takes. 

And if there’s friction involved, you can think of it in terms of energy 
transfer rather than forces if you’re interested in displacement. This 
gives you the braking force of 6170 N that you need. 




This is chcvgy — ^ 
tvahS-Pcir. 


Look out lor Jiflerences in keigkt, velocity etc. 
between tke start and end oi your protlem 
tkat may allow you to use energy con$eryation> 
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momentum and kinetic energy 



rm not clear on the difference between momentum (mv) 
and kinetic energy (imv 2 ). A moving object has both, their 
equations look similar and they re both conserved. So areiVt they 
just different ways of saying the same thing?! 



Not quite. Momentum and kinetic 
energy are different. 

If something is stationary, you can get it going by 
giving it a push, i.e. applying a force. 


Fo\r^c is applied -fov 

the time, At, it 

takes *to gc*t hcv-c. 







Ax 




一 一 % - - 





Fov-dc is applied -fo\r -this displa^cmc^*t； A 乂. 


bobsled has both 
rworwCh-turw, p, kiheti^ ChCV-gy, 


The momentum-impulse equation 
says that if you apply a net force for a 
period of time, it causes a change in 
momentum, FA, = Ap = A(mv) 


The kinetic energy equation says that 
if you do work on an object by applying 

a force for a certain displacement it 

gains kinetic energy, FAx = AK = V2 mv 2 


FAt = Ap FAx = AK 


Force 

Tiic ya# is a 

F A*t - 

£0 av-ca <^c 

is FA*t- 



FAt is av-ca ur^dev- 

七 he (ortt - yafiv 



Force 



PA% is -the airea u^dev- -the 
(oru - displatcmc^-t jvapli. 



You get sometliin^s 
inoinentuin Ironi 
tke time a force is 
applied lor. 


You get sometliing’s 
kinetic energy from 
tke Jisplacement a 
force is appliect lor. 
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There's a practical difference 
between momentum and kinetic energy 

To think about pushing an object to start it off is a bit abstract. A 
more practical way of seeing the difference between momentum and 
kinetic energy is to think about stopping a moving object. 


Imagine catching a ball thrown to you. The ball has a mass and 
a velocity，and you need to apply a force with your hand to stop 
it. The time you need to apply the force for depends on the ball’s 
momentum. The displacement you need to apply the force over 
depends on the ball’s kinetic energy - in stopping the ball, it does 
work on you to deform the glove and stretch your arm, which reduces 
the ball’s kinetic energy to zero. 

The exercise is about the practical difference between the time and 
the displacement it takes to stop an object - which illustrates the 
difference between its momentum and its kinetic energy 


energy conservation 




You youv* 
as you ball 

so rb ^oes ba 己 k 七 his 
displacement 


You apply this 
-fovtc *to s*bop 
七 he ball. 




ExettciSe 


a. A baseball with a mass of 145 g is pitched 
at 35.8 m/s. Calculate (i) its momentum and 
(ii) its kinetic energy. 


b. A bullet with a mass of 3.45 g is fired at 
1500 m/s. Calculate (i) its momentum and 
(ii) its kinetic energy 


c. You can catch the baseball by exerting a force on it with your hand. Explain, using physics, why you 
couldn’t practically stop the bullet by exerting the same force. (Assume that by using ‘soft hands’ as 
you catch the ball, you apply the force and bring the ball to a stop over a displacement of 30 cm.) 
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exercise solution 


§oLniiOrt 

a. A baseball with a mass of 145 g is pitched 
at 35.8 m/s. Calculate (i) its momentum and 
(ii) its kinetic energy. 

(i) p 二 mv 二 0.1 午 5 x ^5.0 
p =■ 5.1^ kg.irw/s Cl> sd) 

(ii) ^ =i H 二 0.5 x OJ 午 5 x 邳分 
K 二 107 J Cl sd) 


b. A bullet with a mass of 3.45 g is fired at 
1500 m/s. Calculate (i) its momentum and 
(ii) its kinetic energy 

(••) p 二 二 0.0 辦 5 x 1500 

p =■ 5.18 kg.m/s (i sd) 

(ii) K 二 W 二 0.5 x 0.0 妍 5 x |500 z 
K 二 ^000 J (l sd) 



c. You can catch the baseball by exerting a force on it with your hand. Explain, using physics, why you 
couldn’t practically stop the bullet by exerting the same force. (Assume that by using ‘soft hands’ as 
you catch the ball, you apply the force and bring the ball to a stop over a displacement of 30 cm.) 

The bullet has around -tiroes move kme*tid energy 七 ball. To stop a objcd*t> 

you tittd {x> do {ht sarme amouh*t o-f work OY\ i*t Bs i*ts du\r\rCh*t Cherry. 

So you Y\ttd bo do -tii^cs more work oy\ 七 he bullet oy\ *the ball. 

Work 二 FA^. l-f you c%c\rt same s'izjc o-f -forde oy\ 七 he bullet you heed *bo apply i*t over a 
displadcmcr\*t 1>0 x ^0 Crn =■ ^00 dm ^ i^c-tcrs -for -the bullrt* You 匕如’七 physiullY do *th 此 so 
*thc bullet ^ocs *thv"ou^h your ^lovc (and \wo\rsc). /Vo 七 vcdomimChdcd- 


Tke ctistance 
reejuirect to 
stop an otject 
depends on its 
kinetic energy♦ 



Dumb Quest! 


9ns 


So even though the equations 
for momentum and kinetic energy 
look similar, they’re different? 


If a baseball and a bullet both 
have the same momentum, how come 
a bullet does more damage? 


Yes. They’re different quantities with 
different units. 

But momentum and kinetic 
energy are both conserved? 

Momentum is always conserved. 
Total energy is also always conserved, 
but may be transferred between potential, 
kinetic and internal energy - it won’t 
always be kinetic. 


Momentum depends on v, but 
kinetic energy depends on v 2 . If an 
object has a high velocity, then v 2 really 
dominates. If the object is going 3 times 
faster, it'll have 9 times as much kinetic 
energy! So the same force requires 9 
times as much displacement to stop it. 
That’s part of the reason that a bullet will 
embed itself a large distance into a piece 
of wood, but a baseball with the same 
momentum will only make a small dent. 
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energy conservation 



IVe kinda been wondering ... I’ve been using 
energy for a couple of chapters now, but I still 
don’t really know what it actually is. 


Energy is the capacity something has 
to do work. Total energy is conserved. 

The definition of energy is the capacity something 
has to do work - if all of the energy could be 
harnessed and used in this way. 

You can measure changes in energy as it is 
transferred, and use energy to do calculations. 


So should I think about changes in 
energy rather than about the ''total 
energy something possesses? 



Energy conservation is a law. 


Energy conservation is a law of nature. A 
law isn’t an object - you can’t pick it up and 
put it in your pocket and say “this is energy 
conservation”. But you can observe how things 
behave as a result of a law. 

You can observe changes in kinetic energy, 
potential energy, internal energy, etc. When 
you look at all the changes in energy, you find 
that they add up to zero and the total energy 
is conserved. For example a positive change 
in kinetic energy may be offset by a negative 
change in potential energy. 

Even though you can’t u see energy’’ directly, 
you can express the law using words or math 
and use energy conservation to work things out. 



You deal witk ckan^es in 


potential, kinetic, internal etc 
energy - not absolute values* 
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Question Cliwic: The "Show that" Question 




The ''show that" question is unusual in that it gives 
you the ''answer" and asks you to show how you can get 
there from a given starting point. The key is to realize that ifs OK to work 
backwards as well as forwards! Look at the equation youre supposed to end 
up with, and figure out which variables you II need to make substitutions for. 
Also look back at earlier parts of the question, since you have probably already 
been asked to 、、 do” something with the equations you II need to 
manipulate for the ''show that" question. 



3c a>/ave c«\ua*tio^s 

oy\ youv c<\uatior\ slice 七 
use di*WW ⑼七 lettevs *to 
vey\resrir\4- fhr sar^g 


h a^d U - both 丁 ^ is a buziy/ovd 

vcpircsc^-t displa^mc^t / position- ^ohsewatioh^ 

addelevajio^. / _ \ 」 _ 


「Wis medy>s 七 ha 七七 k 
^ucs*tior\ is about alybva — 
^y\A you v\ttd bo mar\ipula-tc 
biic e<\ua 七 i<ws you alv-cady 
have -to *t^is or\C- 


bobsled moves down a 

a. Using the equations U = mgh, and v 2 = v 0 2 + 28(x0^) and 

the 彳 energy, U, at the top = eq = 。 

kinetic energy, K, at the bom showthat K^y /— 

1 節 than the 

bobsled has a speed of 19.8 m/s at the first checkpoint, w 

is its speed at the second? 


Pairt b. o*f a ^ucs-tior> doesn't Wist or> its ovm - rt’s usually related 
"to p3v-t 3- m some way. ttcirc, you need "to iredliz^ 七 ha 七 pav-t b- is 
about us'mj the c^cv-jy do^scwatio^ c<\uatio^ you y/ovked out m 
pavt a with some hur»bc\rs mdludcd- 


pav-t o( *tiic <\ucstior\, youVc still allov/cd 
■bo WS 6 七 c<\uatior\ you v/crc 
iupposed *to derive m sc£.or\d pavt 




If you spot a ''show that" question, look carefully at the 
parts of the question that came before to see what it would like you 
to use. If you get stuck and there’s another part of the question that asks you 
to use the equation in the ''show that" part, ifs OK to use the equation to 
do a calculation even if you got stuck deriving the equation. 
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Question Cliwic: The "Energy transfer" Question 



o 


Any time you see forces and displacements 
mentioned, you should immediately think about whether 
you can use energy as a way of solving the problem. Look out for differences 
in height - these should immediately scream ''gravitational potential energy" 
at you! And look out for a net force being applied for a certain distance. This 
may lead to an object gaining kinetic energy, or to work being done against 
friction, or both, depending on the circumstances. 


The buzz.v/o\rdi %v*ake’ 
kmciid will be *tva^s-Pcv-v-cd 

•to tY\tro^ when wo\rk is 


u r>ccd {jo e 乂 plam -that is do^sewed, 

d v/hc\rc ii is i\ra^s-fc\nrcd -Pvorw 


ho- 


This mear>s you vc 
*to use wovds *to pu 七 
advoss *thc fhysids 


3 . A 630 kg bobsled going at 3L3mls is to be brought to 
halt by ^ake applied to the track. / 

a . Gbe this process in terns of 

’ If the bobsled is to be stopped in 50 ^,wh^joLC' 
needs to be used? 

Another way of helping to stop the bobsled is for the 
final part of the track to be slightly uphill. If the track 

goes up by 10.0 m during the final 50.0 m, what force 

would be required f_ the brake then? 





/ou see d 


I rovdc a 灼 d a 

JVmk about 
/hethev* wovk 
is bemg AoY\t- 


you sec a m 

tWmk about yavrtat 咖 al 

potential c^cv^y. 


The TOTAL 
energy is 
conserved 



kmrtid is -tv-a^s-Pcv-v-cd ho jv-avi-ta-tio^al 
poierrtial c^cv-^y because o( 七 he m height 


Always remember that ifs the total energy 
thafs conserved, if the question gives you reason to 
believe there's no friction , then this means the mechanical 
energy (i.e. kinetic + potential) is conserved . If there is 
friction, then energy may be transferred in more than one 
way at once, e.g. kinetic to both potential and internal. 
























on to simpool 


After the roaring success of 
SimFootbalL if s time for SimPool 

A few weeks after your key role as physics consultant on the 
multi-million seller SimFootball game, the programmer is 
back in touch. They’re working on a SimPool game - but have 
run into a problem. 


IVe already used a lot of the 
physics you showed me - but there s a big 
problem. The football players always slid together 
after a tackle, but the pool balls need to bounce when 
they collide - ifs a major part of the game! 




Reusing the old code makes the 
pool balls stick together! 

The pool balls need to bounce when they collide, but the 
programmer doesn’t know how to work out the velocity they 
move with. His only experience is of the football players in the 
previous game - but they didn’t bounce when they collided. 


© 


o-f 

playcv. -n 

P, = ^ 1 v 1 P 2 = m 2 v 2 

i P 1 






After ^ 

Playis U, 

mass a-p-tev- dollisio^- 


Pmal momCr\*tum 
is c^ual *to 
momentum bc-foVC 
七 lie doll’is’Kw. 
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Reusing the football code in the pool game makes the pool balls 
stick together when they collide - which definitely isn’t right! 








energy conservation 


Momentum conservation will 
solve an inelastic collision problem 

The collision in the football game is called an inelastic 
collision, because the players don’t “bounce” off of each 
other in an elastic way. 

Momentum is always conserved in a collision. Since 
you know the mass and velocity of each player before the 
collision, you have one unknown (the velocity of the stuck 
together players after the collision) which you can work out 
using one equation (the momentum conservation equation). 


You need a second equation 
for aw elastic collision 

The collision in the pool game is called an elastic 
collision because the pool balls bounce off of 
each other in an elastic way. 

With the completely inelastic collision, you had a 
single mass moving with a single velocity after the 
collision. But with this elastic collision you have 
two masses each with their own velocity. You don’t 
know either of the velocities - so this time there 


are two unknowns that you need to calculate. 


Momentum is always conserved in a 

collision, but with two unknowns, a single 
momentum conservation equation is not enough. 
We’ll need to come up with a second equation to 
fix the pool game - if you have two equations, you 
can work out two unknowns. 


To solve lor two 
unknowns， you need 


two e 吁 uationsi. 


The football playev-s become mass 

with oy\C vclodi-ty "the 匕 ollisio 灼 . 


Before 


© 




After 





Momentum conservation: 

m 1 v 1 + m 2 v 2 = (m 1 +m 2 )v f 

JJ J J y y 

i 

m^ is oy^ly so you use 

七 his o^e c<\ua*tio^ *to daldula*tc i*t- 



Wrtial vclodi*ty o( object I’, 
v Tmal vclodi*ty o-f objed 七 I’. 

Ykc subsdv*ip*U Kelp you *bo keep *tv*adk 
o-f objcd*t IS whidiv 




-©©— 


Momentum conservation: 


m i v io + m 2 V 20 = ^v 1f + m 2 v 2f 


s/y j j 



You doY^i l^ow 〜or V/ [ As -there art *t>wo thirds 
you doY\i know, you da 灼七 wovk ci*thcv o-P 七 hem out 
you just have ov\t c^uatio^. 





Where might you get a second 
equation from, so you can solve 
for the two unknown velocities? 
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momentum is conserved 


We soooo need to fix that pool game 
- the pool balls definitely shouldn’t stick 
together - \Ys an elastic collision! 



Jim: Yeah, but that gives us a problem that we didn’t have with 

the inelastic collision. We wind up with two velocities after 
the collision instead of only one. 

Joe: We can’t use momentum conservation on its own to 

solve the problem this time - you can’t get the values of two 
unknowns from one equation. 

Frank: Yeah, but momentum is still conserved in an elastic 
collision - right? So we need to think of a second equation we 
can use alongside momentum conservation to solve the problem. 

Jim: What about energy conservation? That’s been useful to 
us before. 

Joe: I’m not sure about that, it’s not like the pool balls’ height 
changes. We can’t do anything with potential energy. 


Momentum is 


Frank: But the pool balls are moving, right? What about their 

kinetic energy? 


conserved in an 
inelastic collision. 


Jim: Yeah, the pool balls are moving before the collision, and 
they’re moving afterwards, so they must have kinetic energy 
before and after. 

Joe: How do we know for sure that some of the kinetic energy 
isn’t transferred to internal energy when the pool balls collide? 


Frank: Well, it’s not like the pool balls get really hot, like a brake 
would when you apply it to slow down. 


Momentum anct 
kinetic energy are 
conserved in an 
elastic collision. 


Jim: And it’s not like the pool balls deform, and the arrangement 
of the particles inside them gets messed up. 

Joe: Yeah, I think you might be right. The collision’s elastic, 
right? And energy must be conserved. Before, there’s kinetic 
energy. After there’s kinetic energy, if the change in internal 
energy is minimal, we can say that there’s the same amount of 
kinetic energy before and after the collision. 

Frank: So, momentum is conserved - that’s one equation. 


Jim: And the kinetic energy’s the same before and after because 
the collision is elastic - that’s a second equation! 


Joe: And both of the equations have the pool balls’ velocities in 
them, so we can use the two equations to solve the problem! 
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energy conservation 


Ewcrgy cowscrvatiow gives you 
the second equation that you need! 

The pool balls hit each other in an elastic collision. This 
means that their internal energies don’t increase significantly 
as a result of the collision, because they don’t deform in any 
way (unlike the football players, whose padding deforms and 
doesn’t bounce back when they collide). 

Since the internal energy doesn’t change, this means that 
the total kinetic energy of the two pool balls is the 
same before and after the collision. This gives you a second 
equation you can use. 

If you have two equations (momentum conservation and 
kinetic energy before and after the collision) you can work out 
two unknowns - the final velocities of the two pool balls. 


r ^Jharpen your pencil 

This 




z 



These just illus-tv-atio^s o( 
y/hat the velocities be 

-the dollisio^- 


-© 





W\{\\ -tv/o c^ua-tio^s, 

Momentum conservation: you cav\ solve (or 

two u^k^oy/r\s. 

m 1 v 1 + m 2 v 2 = m 2 v 2f 

v/y /y 以 

Energy conservation: ^ - -- 

+ + V 2 m 2 v 2f 2 

// v/y / ? / 


This -that V — O, y/hi^h 
should simplify 七 he pvoblem a bit 


Two pool balls both have the same mass, m. A moving ball, velocity v 10 hits a second, stationary, ball 
head on. After the collision, the first ball has velocity v 1f and the second v 2f . 


a. Write down an equation showing that b. Write down an equation showing that 

momentum is conserved. kinetic energy is conserved. 


c. Eliminate the variable v 2f by rearranging your equation from part a. and substituting it into your 
equation from part b, so that you only have one unknown, v 1f . 


d. Multiply out the parentheses and simplify your new equation as much as you can. (Don’t worry if you 
can’t find a way to make it say something”yet - we’ll do that on the next page.) 
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factor your equations 


(^Sharpen yoar pencil 

Solution 


This w'. — - 1 m 


l 


This mca^s -that v — O, y/hidh 
should simplify the pv-oblcm a bit 

V A 

Two pool balls both have the same mass, m. A moving ball, velocity v 10 hits a second, stationary, ball 
head on. After the collision, the first ball has velocity v 1f and the second v 2f . 


a. Write down an equation showing that 
momentum is conserved. 


mV io + 0 




b. Write down an equation showing that 
kinetic energy is conserved. 

Z + 0 - r z + p Z 
10 1^ 


^ O, so i*t does 的七 


appeav- \y\ ci-thcv- c<\uatio^. 

c. Eliminate the variable v 2f by rearranging your equation from part a. and substituting it into your 

equation from part b, so that you only have one unknown, v 1f . ^ All are muMip ied 

/v o — + (a) T^v jo z — + (b) so y ou ^ divide 

丄 ii . i. 」 ■ 七 out By\d darnel it 

w 一. ，丄 “ nil tcv-ms av-c multiplied v z v z ^ v z 

by m, so you CBy\ divide 10 ^ ^ The o^ly u 的 k 的 ovm m 

this e'uaticm is v^. 


10 If zf 

▼, ， ir it ou 七扣 d UMd it 

U lo 1+ 

Subs*ti*tu*tc *t)Vis *m*to (b). 




z 


V 


z 


1^ 


+ (v , 0 一 v z 



d. Multiply out the parentheses and simplify your new equation as much as you can. (Don't worry if you 
can’t find a way to make it say something”yet - we’ll do that on the next page.) 


v 


z 


V 


z 


^/ o\a ddr> divide 
cvcv-y 

c^uatio^ by Z- 一 " 


V 

O 




+ (v 


V 


z 


lo 

z 


v ，/ 


If 


.V 


Zv io V l^ 


V 


z 


If 


Thcvc^s a y/ jo z oy\ eadii side, so *i*t dair> be 
sub*tv*3£>*tcd -Pv*om bo*th sides ay>d tdiY\Ct\td- 


z 




V|0 V l^ 





V 


z 


1^ 


O 


This is 七 he c^uatio^ 
whcv-c all -the -tcv-ms 
v/ith v m -therw av-c oy\ 
the Ic-rt hand side- 


II xy = 0 tken 
eitker x or y 
(or mayi>e i>otk) 

MUST te 0 . 



So I end up with this ... this thing 
v lf 2 - v 10 v lf = 0 that rm supposed to 
rearrange to say 、、 v lf = something". But how 
am I gonna do that?! 



_ Fad-tov-'m^ tdi^ also 

e be dalled -fadWisma. 

Factoring your equation will help. 

If rearranging your equation to say “v lf = something” is 
difficult, then factoring it is another way of trying to solve 
it. Factoring involves spotting where you can put in some 
parentheses - it’s basically the reverse of multiplying out 
parentheses. 

If two things multiplied together = zero, then at least one 
of the things must be zero. For example, if you have = 0, 
then either x or j (or perhaps both) must be 0. You have a 
zero on the right hand side of your equation, v 


if 


V 10 V lf 


0. 


So if you can factor the left hand side of your equation so 
that it consists of two things multiplied together, you can say 
for sure that one of them must be zero. You can work out 
from the context which of them actually is zero. 


590 Chapter 14 
















energy conservation 


Factoring involves putting in parentheses 

The terms ab and ac both have an 'a' in them that everything else 
in the term is multiplied by. Because of this, the 'a' is called a 
common factor, because it is common to both terms. 


You can factor your terms by moving the common factor outside a 
set of parentheses So ab + ac becomes a{b + c). 



cvcv-y-th'mg else is multiplied by. 

If you have the equation a{b+c) — 0 then either <2 = 0 or {b+c) — 0. 
This is because if two things multiplied together = 0 then one (or 
both) of the things must be zero. 


If more titan one term 
kas tke same variable 


multiplyingf everytkingf 
else in tke term, you can 
factor your equation. 


— i^^rpen your pencil 


a. In your equation v 1f 2 - v 10 v 1f = 0, which variable appears in both terms, so that everything else in the 
term is multiplied by it? 


b. If you have parentheses, you can multiply them out, e.g. a[b + c) = ab + ac. The terms ab and ac both 
have the common factor'a’ in them which everything else in the term is multiplied by. 

Use this information to write your equation v 1f 2 - v 10 v 1f = 0 in a form where the left hand side is a single 
term that involves parentheses. 


c. If two things multiplied together = 0 then one or both of the things must be zero. Use this fact to 
calculate two values that v 1f may have, then use the context to explain which value you think is correct. 
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a. In your equation v 1f 2 - v 10 v 1f = 0, which variable appears in both terms, so that everything else in the 
term is multiplied by it? 

The variable appeav-s bo*tli *tc\rms. 

b. If you have parentheses, you can multiply them out, e.g. a(b + c) = ab + ac. The terms ab and ac both 
have the common factor in them which everything else in the term is multiplied by. 


Use this information to write your equation v 1f 2 
term that involves parentheses. 

v / - v v „ — O 


V io V if 


0 in a form where the left hand side is a single 


if 

v (v 

V a 


V 


O 


c. If two things multiplied together = 0 then one or both of the things must be zero. Use this fact to 
calculate two values that v 1f may have, then use the context to explain which value you think is correct. 


Ei-thcv- — O o\r (v, 


v 


O 


lo' 

l-f - v jq ) — 0 -this n\c3r\s v — o*t^c\r v/ords, Is 七 pool ball has a*t i*ts 

ov-i^mal vclo^i*ty 3s i-f i*t hadn't iVrt the ottev- or\C- This is impossible- 

The o*t^C\r possible solution is \/ — Q. This looks \rijht 3s y/hci^ you hi*t B pool ball 3*t 

a^o*thc\r, -the -fi\rs*t ball stops. 


You can deal with elastic collisions wow 


Momentum is always conserved in any collision, 
whether it’s inelastic or elastic. Energy is always 
conserved as well - but if the collision is inelastic, some 
is transferred as internal energy. If the collision is 
elastic, then the total kinetic energy is conserved. 

For any collision，use 
momentum conservation iirst. 

II tke collision is elastic and 
you kave two unknowns, use 
kinetic energy as well. 


\rulc thumb is *tha*b Br^f Collision 

n^v/olves a 的 object bemj 

dc-fov-mcd m some way is mclas*ti^ ; as 
the molecules \ y \ *thc object have 

mdv-cascs the 

m*tc\r^al *thc object- 

If you have a problem involving an elastic 
collision, you should always use momentum 
conservation. If you only have one unknown, 
then you’re done. 

If you have two unknowns, you can use energy 
conservation to give you a second equation 
that helps you to work out both unknowns. 
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Iw aw elastic collision, the 
relative velocity reverses 

You’ve worked out that when one pool ball hits a stationary 
pool ball head-on, the first pool ball stops and the second 
pool ball continues with the velocity that the first ball had. 

Imagine sitting on top of the second pool ball. You see 
the first pool ball coming towards you with velocity v 10 . 
After the collision, it appears to you that the first pool ball 
is moving away from you with velocity -v 10 (though it’s 
actually the second ball that is moving). 


Balls moving TO WARPS cbcM 
othev with v-clativc vclodi-ty o-f v 


10. 


Before 




© V = 

20 


0 


After 


v lf = 0 © © v~=v 
Balls are 

othev with v-cla*tivc velocity v 


TK.S also 減 ks rn 如 0 ? P0S»tc d^ci\o^ 
relative N/cUrb/ d ^ 

•,S vevev-sed a-f*tcv- i\\t toll'is'io^ 
coW\s\o^ must Kavc bew clast 心 


This is a special case of a general rule for elastic 
collisions - the relative velocity of the two objects 
is reversed after the collision. This is also true if 
both objects were originally moving. 


tliereiare no o 

Dumb Questi9ns 


If a collision is elastic, do I always 
have to use momentum conservation 
AND energy conservation? 

Not always. Sometimes you’ll only start 
off with one unknown. Then you’d only need 
to use one equation. 

If I only have one unknown velocity, 
which equation is it better for me to 
use - momentum conservation or energy 
conservation? 

It's better to use momentum 
conservation, because direction is important, 
and the momentum conservation equation 
tells you the direction of the velocity as well 
as its size, as momentum is a vector. 

Does the kinetic energy equation 
tell me the direction of the velocity too? 

No, because kinetic energy is a scalar. 
An object of a certain mass will always have 
the same kinetic energy 


Can’t I get the velocity’s direction 
from the kinetic energy equation? 

Kinetic energy, K = V^nv 2 . The velocity 
is squared. If you multiply two positive 
numbers together, you get a positive number. 
And if you multiply two negative numbers 
together, you also get a positive number. 

So whether v is positive or negative (an 
indication of direction), v 2 will always be 
positive. This means that you can’t work out 
the direction of the velocity (a vector) from 
the kinetic energy (a scalar) - though you 
can work out its size. 

In the problem I just did over there, 
there were two possible answers at the 
end. How do I pick between them? 

The reason there were two possible 
answers is because the kinetic energy 
conservation equation involves v 2 . You then 
have to pick between them by thinking about 
the ‘k’ontext of the problem. Choose the 
answer that makes the most physical sense. 


What if the collision happens at an 
angle, instead of along a straight line? 

The rule of thumb is always to use 
momentum conservation first. Break down 
the velocities you’re given into components 
then apply momentum conservation for each 
component (like you did in chapter 12). 

Does the relative velocity always 
reverse in an elastic collision even if the 
objects have different masses? 

Yes. For example, a rubber ball hitting 
a wall with velocity v will rebound with 
velocity -v (assuming that the collision is 
completely elastic). And any two objects with 
less extreme masses will also have their 
relative velocity reversed after a collision. 
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more tricky problems 


The pool ball collisions work! 


The programmer writes the elastic pool ball collisions 
into the game, exactly like you describe - and they work! 

But a few days before the game is due to be released, 
he’s back with a tricky problem ... 


O 


0 


IVe nearly finished the game 
with what you’ve told me about 
elastic collisions - but carVt work out 
whafs going wrong with this trick shot. 
Dya think you can help? 


There、a gravity - defying trick 
shot to sort out... 

The game also has a trick shot mode, which uses some 
odd items you wouldn’t usually see on a pool table. The 
programmer’s stuck on one particular trick shot where 
the cue ball is hit into a padded ‘bucket’，which then 
swings up and releases the cue ball - as long as it reaches 
exactly the right height at the top of its swing (6.00 cm). 

is suspended gall is ohly veleased 

•fvom vevy I 吵七 j-f bucket is a*b 

steel -the 

at *top 

o-f the sy/mg. 


Ball has 

vclo^'rty 

i*t hrts 
bucket 





little hatdh the o*thcv 
side of the budket up 

*to \rclcasc the ball the 

is exactly 


Ball a^a bucket have Bucket swi 呼 uf ^.00 dm 

MW tombmed mass. it was at the start. 
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Where is the problem with 
the programmer's reasoning? 

The programmer’s been using what you taught him 
about energy conservation to work out the speed 
the player should hit the ball with. 

He’s assumed that the initial kinetic energy of the 
ball is being transferred to the final potential energy 
of the ball and bucket, which wind up 6.00 cm higher 
than they started (a problem that would be very very 
difficult to do using forces and equations of motion!) 

However, the velocity he’s calculated is lower than 
a 'play tester’ pool player has to hit the ball with 
to do the trick in real life. The real pool player 
needs to hit the ball with a higher velocity - and 
the programmer doesn’t know why. 


:^l|^rpei your pencil 


1 


Your job is to work out what’s going wrong. The 
programmer’s math is to the right and there’s space for 
you to write down what might be going wrong. 

The ball has a mass of 165 g and the bucket is 95 g. 


So the ball's kinetic energy becomes 
potential energy ... and I have to allow 
for the mass of the ball + bucket being 
more than just the mass of the ball. But whys 
the answer coming out wrong?! 



(I) 


o 

m ( — O.l^ kg 



v 


? 


m/s 


Hcijivt 二 0.0^>0 m 

^ o( ball ai (I) — U o( ball bucket ai (Z) 
Use 匕 cmsc\r\/a*ticm 

K 二 


v 


z 




V 




Zx O.U>0 X x O.Oi>0 


o.l^ 


V, — I3^> m/s (.!> sd) 


Bu 七 \rcal pool playev- *bridk sho*t 

•m \rcal li-fc has *to iVi 七 ball v/rth a hijhcv- 

vclodi*ty *tiVis — | do / 七 k^ov/ why’ 
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elastic or inelastic? 



Your job is to work out what’s going wrong. The 
programmer’s math is to the right AND There’s space 
for you to write down what might be going wrong. 

The ball has a mass of 165 g and the bucket is 95 g. 

The hds assumed dll pool 

ball^s kmrti 乙 is *to potential 

ttov/cvcv-! -the budkrt is padded. This med^s *tha*t *tiic 
pool ball dollid'm^ y/i-th it is By\ 'mclas*ti£. dollisio^ so 

\sy\ *t ^0ir\sc\rvcd. 

W\\tY\ *thc Pool ball hrts budkc*t> *tiic padd'mg m -the 
bucket dc-fov-ms a^d i*ts *m*tc\nr\al c^cv-^y *m^\rc3scs. So 
y\o{, dll o-f *thc bdll ； s kmc*tid c^cv-^y is -tva^s-fev-ved *to 
potential c^c\rjy. 

This is doir\sis*tc^*t "the \rcal pool playev- having *to 
hi*t *thc ball -fas*tc\r. 


(I) 


a) 


o 


a 


O.l^ 


z 


V 


? 


O.t^o kj 

• 0 w\/s 

ei# 七二 0 0^>0 m 


V 


z 


K d ball aid) - IX d ball and bucket at (2.) 
Use cy\CV5Y toy\scv-vat»or\ 

/二 =■ 晰 > 


V 


z 


V 




2. x 02i>0 ^ ^ x 0.0^>0 

oJ^ 


V 


- I 3 ^> m/s d sd) 

But real H flaycv- Ao\^ tV^c br\ck sV^ot 
rn real li-fc V^as bo v^it tV^c ball a 

vclodity tV^ this - and I Aor!i k”W/! A—! 


The initial collision is inelastic - so 
mechanical energy isn't conserved 

When the ball hits the padded bucket, some of its 
kinetic energy is transferred to the bucket as internal 
energy. The collision is inelastic. The bucket is 
padded ,so the mechanical energy of the system is 
reduced as the internal energy of the bucket increases 
due to the padding deforming. 

Therefore, the programmer’s assumption that the 
ball’s initial kinetic energy will all be transferred to 
gravitational potential energy is incorrect. 


Belore you cto any matk 9 tkink ： 

"Is tkis collision elastic or inelastic?’’ 


Mcdhar>idal c^cv-jy 
is^*t dor^sev-ved m By\ 
'mclastid dollisi 。 灼 . 、 


Or>ly 七 his arwou^-t o( 
k'metid c^cv-gy 
be tv-a^s-Pcmd to 
poterrtial c^cirgy y/hert 
the bucket sv/’my up. 



Some k'metic. chcv-gy 
is ■brar^emd "to 
micv^al c^cv-gy. 


Internal 

Budkci is PADDED so 

dollisio^ is INELASTIC. 
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© 

Use momentum cowscrvatiow for the inelastic part 

The trick with this trick shot is thinking about it in two stages. : 


The first stage is when the cue ball collides with the padded bucket. 

This is an inelastic collision, so momentum is conserved but mechanical 
energy isn’t. As you know the masses of the ball and bucket, you can use 
momentum conservation to calculate their new velocity (and hence their 
kinetic energy) in terms of the cue ball’s initial velocity. 

The second stage is when the bucket containing the ball swings up. This 
involves the kinetic energy of the ball and bucket being transferred to 
potential energy. As you know the height that the bucket swings, you 
can work out its potential energy - and hence the kinetic energy and velocity 
of the ball and bucket - and hence the initial velocity of the cue ball. 

Now it’s your turn! 


A pool ball, mass 165 g, is played into a padded bucket, which 
is arranged so it can swing upwards on the end of some light 
steel wires. For the shot to work, the ball must be struck so that 
the top of the bucket’s swing is 6.00 cm higher than it started. 

Find the velocity that the ball must be struck with if the bucket 
has a mass of 95 g. 



Initial 


Velocity a-fiev 

dollisioirt is smaller 



Momentum conservation: p 1 = p 2 



Energy conservation: K = U. 


tt'mt The <^ui^kcs*t way do'm^ this is 

*bo the velocity that the ball 

Bv\d bucket must have a-rtev the dollisio^ 
v/o\rk ba^kwav-ds. 
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solve the problem 


(^Sharpen your pencil 

Solution 


A pool ball, mass 165 g, is played into a padded bucket, which 
is arranged so it can swing upwards on the end of some light 
steel wires. For the shot to work, the ball must be struck so that 
the top of the bucket’s swing is 6 cm higher than it started. 

Find the velocity that the ball must be struck with if the bucket 
has a mass of 95g. 


(I) 


(V 


(Z) 


o 




你 I 二 o.l^ kj 


o 


z 


V 


QVoO kj 

0 m/s 


K 一 


z 


V 


V 


Q.VoO kg 


- O.O^O 


i 


iC o( ball loudke 七 a 七⑴ 

Use dOir\SC\rVa*tioir\ *t© 

— — 


To a velocity'm 
m/s mdkc suVC you 
wo\rk m kg BY\d rr\, 
jr\0*b 3 dm. 


That really rocks! I’ve 
finished the game now, so you 
just need to sit back and wait for 
the royalties to come in! 


^ - Vi 、 


U o( ball budke*t a 七 (3) 

This is -fv-om *thc 

你 as -the ball is alv-cady m -the bucket 


O 


'二 JZjh — J Z x x O.O^O 
Use momentum doir\SC\rva*tioir\ *bo yt v. 


bc-forc you do *thc c^cvjy to^scv-va*bio^ 
- I OG n\/s (?> sd) ^ 


m.V. 


V 


m V 

z z 

m v 

z z 


o.uo x i.oe 

0.1 沾 


l Ho m/s (?> sd) 
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Dumb Questions 


So sometimes I can’t just use 
energy conservation to do a problem? 

That’s right - if the internal energy 
increases in a way that’s very difficult to 
measure (like when padding is deformed) 
then you know that energy is conserved, but 
aren’t able to do calculations with it! 


Does that mean there’s a way that 
the internal energy can change that is 
easy to quantify?! Surely you can’t see 
what’s going on inside an object! 

If the internal energy increases as a 
result of work being done entirely against 
friction, then the change in internal energy 
is equal to FAx, the total quantity of energy 
transferred as a result of doing work against 
friction. 


What do I do if I can’t calculate the 
increase in internal energy? 

You need to use momentum 
conservation to deal with inelastic collisions. 
This will give you the velocity after the 
collision - after the inelastic deformation has 
taken place. It's this velocity that you should 
use to calculate the kinetic energy that 
remains in the system. 
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Question Cliwic: The "Pallistic pendulum" Question 



The pool ball trick shot is an example of the ''ballistic 
pendulum” question. The name is taken from a technique used 
to find the velocity of a bullet by firing it into a wooden block suspended from 
wires, then measuring how high the block swings. The most important thing to 
remember is that if part of the process is inelastic, mechanical energy (i.e. kinetic 
+ potential) won't be conserved as the internal energies of the block and bullet must 
increase as the bullet does work by tunnelling into the block. 



This is a buziv/ovd 
may 'clas-tid 
dollisio^ oy\ 

wha 七 I 七 Collides with! 


This is a buziY/ovd that 

nr»e3hS 'ihdas-tifi. dollisioir/. 



Y^u use 

do^sewaiioh -Pov ah 'mdasiifi. dollisio ^； 
so you r\ttA "to use rwomch'tum 
dohscwatio^ -Pov -this pairt 


TVis means i\\ai you 
do^*b i^avc bo take 
■tiic mass of 
y/iv-cs m*to 3dd.our\*b 
•m youv ^al^ula*tior\. 


swing is 6,00 cm higher than it started. 

Find the velocit^that the ball must be struck with if 

the bucket hasyN^^ss of 95 g. 


Some oi *biic 
ball’s mrtial 

tv\tros >will be 
*bv-ar\s-fc\r\rcd *to 



A di-f-fevente \Y\ 七 
should yb you -biimk'mj 
about to^scvvatio^. 


,md 

a(itr tv^c ^ollisio^ s\ut that is Uat is 

bra^trrtd bo potential A^d b> do 

you mu st ivst use momerrtum *fco v/ovk 

out mitial velocity ball 


The secret of doing this type of question is to ask 
yourself if an inelastic collision is involved before you go rushing 
into the math. Momentum is conserved in an inelastic collision, but the kinetic 
energy Isn't the same before and after an inelastic collision. First you need to 
use momentum conservation to calculate the velocity and therefore kinetic 
energy of the new mass (block + bullet). Then you can use mechanical 
energy conservation to work out the height. 
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_Inits 

Falling 
Energy Conservation 



How many 
objects? What is 
conserved? Sorted! 


[Elastic collision 




Time 


Component 
Momentum conservation 


Impulse 
Equation 


Pythagoras 
Substitution 


: nergy 
Equations of motion 
Be part of 


Constant acceleration 


Normal force 


Vector 


Speed 


Scientific notation 


Distance 



■ 

Gravitational potential energy 



The capffif^sdmetmn^ia^o do work due to its speed. 


The total kinetic and potential energy due to the random 
motion or vibration of particles on a microscopic scale 

The total kinetic + potential energy of a system on a 
macroscopic scale. 

The rate at which energy is transferred or work is done. 
Measured in Watts (1 W = 1 Joule per second). 

A collision where momentum is conserved but kinetic energy 
is not conserved. 


A collision where both momentum and energy are 
conserved 
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Your Physics Toolbox 

You’ve got Chapter 14 under your belt and 
added some problem solving skills to your 
toolbox. 


klasfct tolVis«orv 

A dolV»s»oy> *»s mclastid ^ orator 

b 。 从 oUk objedts mvoWed 
m some y/av，ov I^r the 

objedts StV to^ cyr * 

Momcy>W *»s delved, Wt 

bedause deWaW the 
obydt incases *»ts »士一 ⑽抑 ’ 


Pi-P-fcrchdc \y\ 

f[Y\S 3 pv-oblcr^ mvol\/« d 

diT*fcvcir\dc \y\ i*ts 3lmos*t 

alv/ays casicv- -to deal i*t us*m^ 
tY\Cr(^f 6or\scv-va*t*io^ 
c^udtio^s o-f motion- 

T\\t -total c^cv-^y is i\\t same at 
七 lie s*ta\rb dir\d Cir\d, SO 3ir\y 

m fteirrbal c^cv-^y >will be 
a^omf>a^iedi by c<\ual *m 


AlomCh^tum vs 

kihC-tid ChCV-jy 

/ou dakulatc the dhdh^e ih 
^omchtum by thihkihg about a 
applied 4^* a pcHod 

/ou dakulatc the (ihahjc i h kihetid 
Chcvjy by 'thihkih^ dbou*t d 《 oY"tt 
applied ^oy a displa^cmcht 


Ebstid Collision 

A Collision is elastic hei £h^ 
objd is dc-Povmcd, ahd the 
。— is bouh^c ^ ca^h othev. 

/Waihcmatidally, clasiid dollisiohs 
， be havdev deal with thah 
： hclasiid ^ollisiohs, as you still have 
two 研扣如 obje^ at the e,d. 

Woweve^ bo-th w 

kihctid ⑽ 3 丫 ⑽匕崎 vec Uhidh 
9'VCS you iwo ，沾 0hS y ou 

to Tihd £wo Uhkhoy/hS. 


^ objc6 七 

A c^utdk v/ay *bo dc-tcv-mmc *tV>c 
We vc<\u*trcdi *bo sto\> 3 k> object 

a 七 a £.cv*b3»^ d'is^la6cmCK>*t »s *to 
daUa 七 c 心 kmrU ⑼ cvy/. 

TV>*is is c<\ u al -bo -tKc v/ovk you ^ttd 
■to do d^d'ms-b fridtio” *to s *t°? 1 七 . 

/\s y/ovk - FA% ， 七 Wis allots you -to 

-f md *tV>c -fovdc 'uidkly. 


you are here 
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肴 


Changing direction 





So let me get this straight... 
you pull the cord down and the 
curtains move sideways? How 
weird can you get? 


I had that same 
question, but not 
about the curtains 


Sometimes you need to deal with the tension in a situation 

So far, you’ve been using forces, free body diagrams and energy conservation 
to solve problems. In this chapter, you’ll take that further as you deal with ropes, 
pulleys, and, yes, tension. Along the way, you’ll also practice looking for familiar 
signposts to help navigate your way through complicated situations. 


this is a new chapter 
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high-risk skateboarding 


Ifs a bird... if s plane... 

•"wo, if s... a guy on a skateboard?! 

A new high-risk sporting event has come to town. The challenge? 
Jump off an 11.0 m pier and hit a target floating in the sea 15.0 m 
from the foot of the pier. Michael, a daredevil and skateboarding 
fiend, plans to take home the first place prize. 


MiAael on a 



Michael wants to give himself a predictable 
launch velocity so he can be sure of hitting the 
target in the water. He’s attached a skateboard to 
one end of a rope, put a large stack of masses 
at the other end, and placed a pulley in between. 

The problem is, Michael’s not so great at physics. 
And that’s where you come in... can you help 
Michael out? 


Here’s what SHOULD happen... 

Ska 七 eboavd is pulled alo^ 
the piev- by -the v-opc- 


W\\cy\ ska* *tcboav-d veadhes 
*tKc tv\A o-f *tKc fiev-, Mi^KacI 
dorrtmucs v/*rtV> vdod'rty v. 

七 




The Competition -takes 
f>lade >wV>cr> 七 he tide is 

*m ar»d *tKc sea is 11.0 你 
belo>M *tV>c *tof o( 七 he ficv* 


Tiic mass has jus 七 
iVl 七 SuV*-(*3dC 
o-f 七 he v/a*tcv-. 


11.0 m 




、 








s 


s 


s 


tVi*th do\rvct*t mrbal 
vclod'rty ai *tV>c cr>d o( 
i\)t ficr, /\/l*idhacl will 
iX -follov/ -this *tv-a\cd*tov-y 

、 ar\A V>i*t *tV>c bullscyc. 


\ 


\ 


\ 


\ 


\ 


\ 


\ 


\ 


\ 


\ 


\ 


The tcr>*tcv 
•the *tavoic*t is 
1*7.0 rw +Vom *thc 
-foo*t o( 七 he fid 
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tonsion f pulleys and problem solving 


Always look for something familiar 

This problem involves a skateboard, a person, a stack of 
masses, a rope, a pulley, gravity, the height of the pier, and the 
distance to the target. Plus it takes place in two dimensions. 

It’s a complicated problem! 


But you don’t have to start the 
problem in the same place as 
Michael, with the rope, pulley and 
stack of masses. The best place for 
you to start tackling a problem is 
from a point where it looks like 
something you’ve seen before.... 


>u vc y>o*t vofcs 
pulleys bc-Povc. Bu 七 you 
a situation 
like 七 his bc-Pov-cf 


Midhacl has ar\ mrtial 
hov*'izjoy>*t3l vclod'i*ty 七 he 
moment he leaves 七 he 
skateboard. 



► 


You can start at the point where 
Michael flies through the air with 
velocity v. That looks kinda familiar.. 


Break ctown a 
complicatect protlem 
into smaller parts ， 
tken look ior soitietking[ 

tliat’s LIKE wkat 

you’ve seen tefore. 



Jrpen your pencil 


Suppose Michael is launched horizontally from the end of a pier. What velocity does he need to 
possess in order to hit a target in the water 15.0 m from the foot of the pier, which is 11.0 m high? 


Always star 七 
w'rth a 


*to help you 

-Pi^uvc a 

pvoblcm out 



you are here ► 
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look for the familiar 


qgjharpen your pencil 

Solution 


This p3vt o-f "tlic pvoblcrw uses c^u3*tio^s o-P motion. The key 
■to solv'mj i-t is -fco ircaliiC "that you 乙扣 do it scpav-aicly -fv-orw 
七 he \rcsi o( -the Problem, bc-Povc you know about ihc 

sta^k o( masses o\r -the pulley. 


Suppose Michael is launched horizontally from the end of a pier. What velocity does he need to 
possess in order to hit a target in the water 15.0 m from the foot of the pier, which is 11.0 m high? 



Dovm is positive divcd*tioh. 


6jt{, -fv-om vcvti^^l domfohCh*ts* 




a =■ ^ 0 m/s z 


V =i 0 m/s 


% 


no 


Om 

% •— 0 \n\ 

Om 

•— O ITIf\ 

Oh 


% 

v 

1 



These *tcv-ms 
av-c bo*th z^vo. 


今 Vzai 1 =- x. 




1% 
—^ 
a 


Zx ||.o 

~W 


1.50 s (冬 sd) 


\ 二 15.0 ^ 

- ^ 6{t\, ho\rizx>rrtal velocity -fv-om ho\rizx>r\*tcll dompohCrrts: 

v 二 二 7 ^" 二 10.0 m/s sd) lc-f*t *bo vio^vt. 
七 1.50 



For this part of the problem, Michael’s initial 
velocity v oh = 10 m/s. But for the other part, with 
the rope etc, his initial velocity is zero, and his final 
velocity is 10 m/s. So we need to be careful, right? 


Q 


A. 


m 


蜷 


Watch out for what you call 
your variables in the next part. 

Breaking this problem down has made it 
easier - which is great! But if you forget 
to redraw your sketch and redefine your 
variables for the next part, you’ll just 
confuse yourself. 

Your starting point this time around was 
when Michael is launched from the pier, 
where you’ve worked out that his initial 
velocity is v Qh = 10.0 m/s. 

But the other part of the problem involves 
him reaching this velocity of 10.0 m/s 
from a standing start - where it’ll be his 

final velocity. So be careful! 



I 


M.idiael’s vclodi*ty a*t *tKis 
pom*t rwus*t be lO.O m/ s. 


/Wi^hads ihi-tia! ♦ 

velocity is O nx/s. 

Wken you break 
up a problem，you 
migflrt need to 
redeiine variables 
as you move from 
part to part. 
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tension, pulleys and problem solving 


Jim: Yeah, and we’ve got that stack of weights on the other end 
of the rope to accelerate him with. 

Frank: Yeah, the stack is falling, so it will accelerate at 9.8 m/s 2 
and drag Michael along behind it. So Michael accelerates at 
9.8 m/s 2 , just like the stack. This is gonna be a piece of cake! 

Joe: Um, I’m not so sure about that. The stack has to pull 
Michael along, so I don’t think the stack will fall as fast as it would 
if it wasn’t attached to the skateboard. I don’t think it would 
accelerate at 9.8 m/s 2 . 

Frank: But if something’s falling, its acceleration doesn’t depend 
on its mass. Everything falls at the same rate, no matter what its 
mass is (as long as air resistance isn’t a big factor). 

Joe ： But Michael isn’t falling - he’s travelling horizontally. 

Jim: Oh yeah ... I guess if there was an elephant on the 
skateboard instead, the board would hardly accelerate at all. 

Frank: Yeah, the force is due to the weight of the falling stack 
- but not Michael’s weight, as he isn’t falling. 



Joe: This isn’t so straightforward after all. 



-BE . 


Your job is to imagine you’re 
ft Michael on the skateboard. 

h^pens to you as 
tire mass at tire odier 
end of tiie rope falls? 




How will making tiie mass 
larger or smaller affect 
wiM hafpens to you? 





you are here ► 
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be the skater 



BE . SOLUTION 


© 



The mass fulls you 
m this div*c^*tio^. 


A- 




|-f *t^CV"C Wds Y\0 mass 

hcv-c, you wouldn't 50 

a^ywhcv-c at all- 


Your job is to imagine you’re 
Michael on tire skateboard. 

\ y\M happens to you as 
tire mass at tire odier 
end of tiie rope falls? 

■a 'fiTH ow will inking the mass 

larger or smaller affect 
A^iat h^pens to you? 

As -the mass -falls vc\rti^ally) I a^dclcra-tc horizx>h*tally because i-t pulls 七 he skateboard, 
l-f jjr\t mass is lar^evr, I addclcra-tc more ^uidkly. 

.1( : the. is smjSlIJ^ J. slowly,. .扑 .d. .d : the. is ^ \r(C^|ly. sm^ll. |. 

mi^lvt r\o*t addclcv-a*tc a*t all- 



A lav-jev- mass 
a^^clcv-a*tcs 
more rapidly. 


Michael and the stack accelerate at the same rate 


Michael and the stack are joined together by the rope, so they both 
accelerate at the same rate. This is because of the tension in 
the rope - the rope is pulled tight. If the rope wasn’t there or wasn’t 
pulled tight, there would be no tension and Michael wouldn’t 
accelerate as the stack falls. 

A stack with a larger mass on it will accelerate Michael more 
rapidly, and a smaller mass will accelerate him more slowly. This is 
something you can analyze by thinking about the tension in the rope. 

Net (ortt OY\ 

.^idhacl 二 T .. 


A rope pulled 
can mectiate a 

TENSION iorce. 


Normal force 




A -fv-cc body 
dia^am (or 
Mikael- 


Weight 



Tension = T 


O 


m 


Weight = mg 
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A -Pv-cc body 
-Pov the s-ta^k. 


The stack is attached to Michael by a rope. As well as 
his weight and the normal force (which add to zero), 
he also experiences a net tension force from the 
rope, T, which accelerates him to the right. 

As the stack exerts a force on Michael (via the rope) 
Michael must exert an equal-sized force on the stack 
(in this case, via the rope) . So the stack experiences 
two forces - its weight and the tension. 

Net (ortc OY\ 

sta^k 二 ” -T . 





























tonsion f pulleys and problem solving 



How can the tension act horizontally on one 
thing and vertically on the other? DoestVt 
Newton's 3rd Law say that pairs of forces 
need to act in opposite directions? 


The pulley changes the direction that the 
tension force acts in. 

If a rope experiences a pulling force at both ends that makes 
it tight (like the rope we have here) it’s said to be in tension. 

But a pulley changes the direction that the tension force 
acts in. The pulley is able to do this because it’s firmly 
attached to the pier, which is able to provide a support force. 
Otherwise, the rope would just get pulled straight. 

If you just draw the free body diagrams for Michael and the 
stack, it looks like you have a Newton’s 3rd Law force pair 
that isn’t acting in opposite directions. But when you include 
the free body diagram of the pulley, you can see that there 
are horizontal and vertical pairs of tension force pairs. 


Normal force 


Pulleys Wtt 
body diayam. j 


Midhacrs 
body dia^v-am- 


Support 
force 




-Povdc pair: 


II tliere is a pulley, 
you kave to include 
it wken working 
out iorce pairs. 


This is a 
(orCt fa*iv- 



Weight = mg 


r 


S-tatk^s free 
body diayam. 



TIlC -PoVdCS OY\ -the 

pulley rwus-t add -to 
'z^rot as 七 he pulley 
isn 七 


Support 
force 



y\o suffov • 七 (orU, the 
/N pulley would addclcva*tc m 
div-cd*tioy> as 七 v-opc 
pulls s*brai^vt" 

Because the rope is being 
pulled tight, it exerts a 
force on the pulley. But the 
pulley’s not accelerating, 
so the net force on it 
must be zero. Therefore, 
the pier that the pulley’s 
attached to must provide a 
support force. 


you are here ► 
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objects joined together 


tliereicire no 

Dumb Qu 


Questions 


Why doesn’t the stack just accelerate at 9.8 m/s 2 , 
like it usually would if you dropped it? 


Q/ Is it OK to think of a tension force a bit like the 
normal force in other problems ■ as it’s a support force? 


It's attached to Michael (and his skateboard) by a rope. 
So the force of the stack’s weight has to accelerate Michael's 
mass as well as the stack’s own mass. 

But don’t all falling objects accelerate at the same 
rate, whatever their mass? 

Not if they’re tied on to something else that isn’t falling! 

So where does tension come in? 

Tension is the name given to the force exerted at each 
end of a rope. For example, if the stack was hanging from a 
rope attached to the ceiling, the tension would be the same 
size as the stack’s weight. 

Is the tension in a rope always the same size as the 
weight of the object it’s supporting? 

If an object is hanging straight down from a rope, then 
its acceleration is zero and the net force must be zero. So 
the tension in the rope must be the same size as the object’s 
weight (in the o 叩 osite direction). 

But if the object is accelerating downwards, (like the stack is 
here), the object’s weight must be greater than the tension in 
the rope to produce a net downwards force. 


As long as you remember that the tension always acts 
in the direction of the rope, that should be OK conceptually. 

Do I have to take into account the mass of the rope 
as well? 

Great question! In real life you would, but in practice 
the mass of the rope has very little effect if it's much smaller 
than the masses it’s attached to. So we’re making the 
approximation that the rope is massless. 

How do you know that the two objects attached to 
the rope both accelerate at the same rate? 

If the two objects are at either end of a rope which is 
pulled tight, they must always move with the same speed 
in order for the rope to remain tight. Therefore, they must 
also both accelerate at the same rate (though they may 
accelerate in different directions depending on how the rope 
is positioned). 


Wken two objects are 
joined togetker and 
move togetker, tkey 
totk accelerate at tke 


SAME rate. 
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tonsion f pulleys and problem solving 


Use tension to tackle the problem 

Because the stack and Michael are joined together by a 
rope under tension, they both accelerate at the same rate 
•You need to work out what mass the stack should have 
in order for both it and Michael to be going at 10.0 m/s 
after the stack has fallen 11.0m from the top to the 
bottom of the pier. 

If you draw separate free body diagrams for the stack 
and for Michael, showing all the forces acting on them, 
you can use these to work out the mass of the stack. 


/Wi^acl heeds -to 
have a velocity 
o( 10.0 rw/s a*t 
this poiht 


— H01 



V — 


I guess we need to be careful about 
how we define the directions of our forces? 



Think about how the rope moves. 

When you’re using a pulley, with forces 
mediated by the tension in a rope, you 
have to be very careful about defining the 
direction of your force vectors. 

As the objects are connected to each other 
by the rope, it’s best to define one direction 
of rope movement as the positive 
direction, draw the free body diagram for 
each object separately, and mark the positive 
direction on each free body diagram with a 
big arrow. 


Positive direction 


Make suv-c youv- 
positive diV"C^*bio^ ^ 
a\r\roy/ is 9 

⑼七 style 

-fvom you\r 
vc^*tov- 3\r\roy/s. 



Positive 

direction 



Normal 

force 


Tension = T 


V 


Tension = T 



O 


m 


Deiine one 
direction oi rope 
movement as 
positive and mark 
it on your free 
tody ctiagframs. 


Weight = mg 


you are here ► 
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michael’s moving 



Michael on a skateboard, mass M, is attached 
via a rope and a pulley to a stack of masses, 
mass m, as shown in the picture. When the 
stack is allowed to accelerate downwards in 
a gravitational field, strength g, the rope has 
tension, T and Michael also accelerates. 




Q 

X. 


a. Draw separate free body diagrams of Michael on the skateboard and of the stack 


b. Write down the size of the net force on Michael. 


c. Write down the size of the net force on the stack. 
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tension, pulleys and problem solving 


d. Michael and the stack both accelerate with acceleration, a. Use Newton’s 2nd Law to write down a 
separate expression for each of them that relates their mass, their acceleration and the net force on them. 


e.The size of the tension in the rope is the same for both Michael and the stack. Make a substitution using 
your equations from part d. and rearrange your answer so that you have an equation for m, the mass of the 
stack, in terms of M, g and a. 


you are here ► 
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free body diagrams 



rpen your pencil 
Solution 


Michael on a skateboard, mass M, is attached 
via a rope and a pulley to a stack of masses, 
mass m, as shown in the picture. When the 
stack is allowed to accelerate downwards in 
a gravitational field, strength g, the rope has 
tension, T and the man also accelerates. 


Q 


X 


a. Draw separate free body diagrams of Michael on the skateboard and of the stack 


^ No\nnr\al ^OYtt 

O 

- ^Tchsioh ==■ T 






Positive di\rcd*tioh 
y of rope movement 



l/Vci^lvt ― mg 


4 / Wcijhi - Mg 

b. Write down the size of the net force on Michael. c. Write down the size of the net force on the stack. 

Nov-naal -fordc dhd wci^lvt ddd *to z^ro. ^ oy \ big a\rv-ows 

/pX _ 丁 _ f^F A — … 3 — T 、 helps you jet the si^s 

V \J^/ 匕 o\r\rc 匕 *b m these C^uatio^s. 

d. Michael and the stack both accelerate with acceleration, a. Use Newton’s 2nd Law to write down a 
separate expression for each of them that related their mass, their acceleration and the net force on them. 

hds mass M. £*tadk has r«ass Make substitutions. 

becomes 一 T 二 ma 


ma becomes T — Ma 




e. The size of the tension in the rope is the same for both Michael and the stack. Make a substitution using 
your equations from part d. and rearrange your answer so that you have an equation for m, the mass of the 
stack, in terms of M, g and a. 


T 

m 3 


/Wa 





Substitute 七 he ocpvcssioh -fo' 
T *m (I) ih*bo (Z) 


一 二 Inn3 



Rcarrah^e c<\ua*tioh 

bo say 

叫一 Ma : 

二 ma 



- Ma 


― 3^ : 

- Ma 


小 . ： 


: C 


)) 


Both the 5 *thc B 
av-C multiplied by -the m. 


a 


you 匕 a 的 divide 
both sides by C(\ - a) 

*to yt “你二 …’ 


So you 乙 d 灼 'mtv-odiu^c some 
pav-c^*thcscs so that thcv-c^s only oy\t 
w\ Oir\ the lc-f*t side- 
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tension, pulleys and problem solving 


Total mass 
is M + 



Fov-dc that’s 
•this mass 二 



Force = mg 


Could we also have treated the stack 
and Michael as one 'thing* with mass 
(M + m)? Would that have worked too? 



Treating both objects as one single 
mass works here (but NOT always). 

On this occasion, you can also treat Michael and 
the stack as one object with mass [M + ni) that’s 
accelerated by the force mg (the weight of the 
stack). You’d write down: 

Force = mass x acceleration 
mg = [M + m)a 

When you rearrange this, you get the same 
equation as over there: m - 


fa 


§ a 



Thinking about the tension in the rope 
helps you to understand the physics. 

If you’re able to draw free body diagrams for 
problems that involve ropes and tension, you’ll be 
able to solve any problem, not just this one. 

For example, if Michael was being pulled up a ramp 
by the stack instead of being pulled horizontally, 
you’d have to think about Michael’s weight vector 
as well. The only way of using forces and Newton’s 
2nd Law to deal with that is to draw a free body 
diagram for each object attached to the rope - which 
is fine if you understand the physics. 


Normal 今 ^ 

av-c v\o Icmyv 


force 


pavallcl so -tiicy 
Aov\i add *to z^v-o. 


This is hlOT d sho\rtdu*b 
that will always work. This 
problem is a special tast- 

l-f you Yt a^alyzj^^ a 
problem v/i*th v-opcs 
pulleys usrng -fo\r^cs, 
ALWAYS s*tav-*b with 
’mdividudl -fv-cc body 
d\ByrBn\s, have a 30 a*t 
cadh object, by\A 
<\o -fv-om *thcv~C. 



l-f the parallel 

匕 o*f 

Mi 匕 haeF s weight vc^-fco' 
is U\rgc\r th 如 the 
匕 k’s weigh-t ^ttboY) 
hell \rol! ba^kwdv-ds^ 



Weight = Mg 

A of 

Michael’s y/cijlrt adts 
pav-allcl *to -the slope- 


F\rcc body diagram 
the s-ta^k is 
still the same - bu*t 
the tc^sioh will be d 
di-P-Pcv-Cht siz^ because 
Mi^hacfs oy\ a slope- 


Weight = mg 


you are here 
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s/cefcA?y inspiration 



So weve got it! Weve got 
an equation for the mass of 
the stack we can use. 


Frank: Right. All we need to do it to put the numbers into it: 


Mass o-f 


'Mass o( Michael 
扣 d skatcboav-d. 


Jim: Yeah, I just asked Michael, and he says that him plus the 
skateboard come to 80.0 kg, so we can put that in instead of M. 
And we already know that g = 9.8 m/s 2 . 


Joe: But what about a, the acceleration. We don’t know that. 


Frank: Can’t we just put in a = 9.8 m/s 2 like we usually do? 


Joe: Not this time! The force of the stack’s weight has to accelerate 
both the stack’s mass and Michael’s mass. So the stack won’t 
accelerate as quickly as it would if it was just falling on its own. 


H you start witk a 
sketck, you can always 
look tack at it lor 
inspiration ii you’re not 
sure wkat to do next. 


Jim: So we gotta work out a value for the acceleration first, before 
we can get a value for the mass. How are we gonna do that? 

Joe: Well, there is the sketch we did earlier ... 


Q 



Tke sketck acts as an 
anckor tkat remincts 
you ol wkat you’re 
working on - and also 
ol ways you migkt 
solve your problem. 


Jim: Gan we just write things like v Q , v and x on it, and use 

equations of motion to calculate a? 

Frank: Oh yeah! I’ve been getting so wrapped up into working 
with masses and forces that I forgot we could just look at Michael’s 
velocity, displacement and acceleration, without going into all the 
reasons behind them. 

Joe ： Cool, let’s do it! 
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tension, pulleys and problem solving 


Look at the big picture as well as the parts 


Right at the start, you broke down this 
complicated problem into two parts: 

1. Work out the velocity Michael needs at the 
end of the pier to hit the target. You did this first 
because it involved equations of motion, and 
a scenario similar to others you’d seen before. 





A 


v = 10 m/s 


2. Work out what mass the stack needs to be 
for him to reach this velocity at the end of the 
pier. You’ve just used free body diagrams and 
Newton’s 2nd Law to come up with an equation 


for the mass of the stack, m — 


Ma 





But now you’ve discovered that there’s another 
part to this problem! You need to work out a 
value for the acceleration of Michael and the 
stack. The important thing is not to panic, and to 
step back and look at the big picture. 

Then you’ll see that you can use your equations 
of motion to calculate the acceleration. Once 
you have a value, you can calculate the mass of 
the stack, which is what you really want to know. 

do be tavc-ful 
W\{}\ iioy/ you dc-f mc 
variables you use. 




our pencil 


Michael is to be launched horizontally from the end of a 
11.0 m high pier with a velocity of 10.0 m/s. He stands on 
a skateboard, which is attached via a rope and pulley to 
a stack of masses that falls vertically downwards. Michael 
and the skateboard have a combined mass of 80.0 kg. 

a. If Michael reaches the edge of the pier at the same time 
as the stack hits the water, what is his displacement? 


b. Calculate Michael’s acceleration. 


c. Use the equation m 


Ma 

9 ^ 


that you worked out before 


to calculate the mass that the stack needs to be in order to 
produce this acceleration. (The stack has mass m, Michael 
and his skateboard have mass M). 
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go, michael, go 



Michael is to be launched horizontally from the end of a 
11.0 m high pier with a velocity of 10.0 m/s. He stands on 
a skateboard, which is attached via a rope and pulley to 
a stack of masses that falls vertically downwards. Michael 
and the skateboard have a combined mass of 80.0 kg. 

a. If Michael reaches the edge of the pier at the same time 
as the stack hits the water, what is his displacement? 

The siaek has -fallen ILO m vcv-tidally. 

So Michael has -tvavdlcd 11.0 m horizx>r\*tally> 
boards 七 he of 七 he pier. 


b. Calculate Michael’s acceleration. 


o o 



o 


V •— O Ti \/S V •— iO*0 irm 

o 


v z =. 

v z + 2-aU - 

O 

0 

Bu*t v 

0 

二 O dhd x 

0 

二 0. 

v z 

二 Zax. 


今 a 

v z 

•— _ 

10.0 1 

—— Zx 11.0 

a 

二午 .5 午 m/s 


c. Use the equation m = that you worked out before 

to calculate the mass that the stack needs to be in order to 
produce this acceleration. (The stack has mass m, Michael 
and his skateboard have mass M). 




Ma 



a 


_ 00.0 x 午 .5 午 
- ^.0 - 十 .5 午 


二 sd) 


V- So xe should iell Midhael we a ^.0 ^ 

_sta^k - and let W- v/c some the 

… _ mS $ 七 
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tension, pulleys and problem solving 


Put the day before the competition 


tt § 


Michael’s just been down to the venue to check it out - and he’s 
discovered that the pier slopes up towards the sea at a slight angle. 
The angle is only 5.0° ... but that might be enough to throw out your 
careful calculations. On the bright side, it levels out just at the end, 
so at least he’s still taking off horizontally, and the end of the pier is 
still 11.0m above the water. 

On top of that, Michael’s checked the skateboard website and found 
out that its wheels have a coefficient of friction, fi — 0.0500. 

Your complicated problem just got a LOT more 
complicated ... 


There s a slope ... and friction ... 
ifs totally mind-blowing. How are 
we gonna deal with all that?! 



irpen your pencil 



Michael on his skateboard, with a total mass M , is 
attached to a stack of masses, total mass m, via a 
rope and pulley, as shown in the picture. The wheels 
of the skateboard have coefficient of friction,", and 
the pier slopes up towards the sea at angle 6 from 
the horizontal. 


a. Draw a free body diagram, showing all of the 
forces acting on Michael. 



c. Outline what you would do to approach this problem. You don’t need to do any math - just explain the 
process you’d go through. 
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energy conservation redux 



Michael on his skateboard, with a total mass M, is 
attached to a stack of masses, total mass m, via a 
rope and pulley, as shown in the picture. The wheels 
of the skateboard have coefficient of friction,", and 
the pier slopes up towards the sea at angle 6 from 
the horizontal. 





a. Draw a free body diagram, showing all of the 
forces acting on Michael. 


^ /Vo\rmal -ford 

D 





Tchsioh ==■ T 


、/ =■ M3 


b. Draw a free body diagram, showing all of the 
forces acting on the stack. 



Tchsioh ==■ T 





l/Vci^lvt =■ 1^3 


c. Outline what you would do to approach this problem. You don’t need to do any math - just explain the 
process you’d go through. 


Use cs *to daldula*be 七 he parallel of Michael’s y/ciglvt> Also daldula-be 

七 he normal -forde (e 气 ual *bo pcrpchdidular dompoherrt o*f Michael’s wei^vt) use i 七 *to 
dalduld*be -the -fvid*tioh as =■ jaF The y\e*t -fordc ov\ Midhacl is parallel *to pier, 

L 二 T 一 • 偏 o L =■ ma -for bo*th Mikael ar\d -the s*tadk. They both have 

same addclc\ra*tioh so go Oh -fv-om -theve by substitu-tm^ *m -for *the *tchsioh, tic, similar *bo bc-forc. 



That looks like a LOT of work! Is 
it worth looking for an easier way 
before we do all that math? 


Before you decide to use forces, think 
about using energy conservation. 

Any time you see a problem that involves a 
difference in height, you should look to see if it 
might be possible to use energy conservation instead 
of forces, like you did in chapter 14. 


Using energy conservation to solve a problem 
involves fewer intermediate steps and less math than 
using forces. Which can only be a good thing! 



II your problem 

involves a ctiilerence 


in kciglit, look 


to see il you can 

use ENERGY 
CONSERVATION. 















tension, pulleys and problem solving 


Using energy conservation is simpler thaw using forces 


This is the kind of problem that lends itself to using energy 
conservation instead of forces, because it involves masses 
whose heights and velocities change, and work being done 
against friction. 

The total energy of the system is always constant, and 
differences drive changes that lead to energy transfer. So if 
you spot the differences between the start (when you’ve 
just dropped the stack) and the end (when Michael has just 
launched horizontally from the skateboard) you’ll know what to 
include in the energy conservation equation. 


There av-c 






c. For each term in your energy conservation equation, write down in words or equations 
how you would go about calculating it. 


v = 10.0 m/s 
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spot the difference 


钟耐 . 湖 : eMid SOIIJtTO]^ 


5 


a. Play "spot the difference” between the start and the end. Circle all the 
differences between the two pictures and write down what they are. 




I. Midhacl a*t bo*t*bom o-f mdme. 

Z. Midhael’s vclodi*ty 0 m/s. 
£*ta^k a*t top c^f pier. 

午 . S*tadk vclodi*ty 0 m/ s. 

5. j\lo y/o\rk dor\e d^dms*b -fvid*tioy\. 


I. Michael a 七 * top J mdme 
Z. Midhacrs vclodi*ty 10.0 n\/ s. 

3. £*tadk a*t bo*t*tom of pier. 

午 . £*tadk vclodi*ty 10.0 m/s. 

5. Work hds bccr\ dor\e d^d'ms-b -f\rid*tior\. 


b. Write down an equation to show that the total energy at the start and the end is the same. 
(You can use any symbols and subscripts you like, or write out the equation in words). 

Energy at s-tav-t =■ energy at tv\d U 


s*tadk 


U 

S*tcidk 






c. For each term in your energy conservation equation, write down in words or equations 
how you would go about calculating it. 


IX 二 mass x 3 x h / Same method -for 

^ n x r^ass x v z \ Michael Bv\d s*tadk. 


To daldula-be IA/ r . , daldula-be hov-rwal -fov-de 

-rrid*cior> 

us'mg dh^le dr\d y/ciglvt r^ul*tiply *this by 
fA, *thc doc-f-fidic^-t -fvid-tioh. This gives you 
七 he -frid*tior\al F ( 


Ther\ l/V 


-Pridtioh 


F 


-Pvid*tior\ 


-fridtioh 

x displadcmch*t 



By playing Spot the difference, we know that the potential energy that 
the stack has as a result of being 11.0m higher at the start than it is at 
the end is transferred to: 

* The potential energy Michael gains by going up the incline. 

* The kinetic energy of Michael and the skateboard. 

* The kinetic energy of the stack. 

* The work done against the friction of the skateboard wheels. 
It’s time to put that all together ... 


Tke easiest way 
to cto energy 
conservation is 


to play ” spot tke 
ctillerence.” 


622 Chapter 15 






























tension, pulleys and problem solving 



Michael on his skateboard, with a total mass of 80.0 kg, is attached to a stack of masses, total mass m, via a 
rope and pulley. The wheels of the skateboard have coefficient of friction, /j = 0.0500, and the board travels 
11.0 m along a pier which slopes up towards the sea at angle 0 = 5.0° from the horizontal as the stack goes 
11.0 m straight down. 


a. Calculate the difference in the height of Michael on 
the skateboard at the beginning and end of the pier. 


b. Calculate the normal force exerted by the pier on 
Michael, and hence the work done against friction. 


Pc 一二 # w 


c. Michael needs to have a speed of 10.0 m/s at the end of the pier. Use energy conservation to work out the 
mass that the stack needs to have in order to achieve this. 
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sketch extreme angles 


c^Jharpen vour pencil 

Solution 


Michael on his skateboard, with a total mass of 80.0 kg, is 
attached to a stack of masses, total mass m, via a rope and 
pulley. The wheels of the skateboard have coefficient of 
friction, ju = 0.0500, and the board travels 11.0 m along a 
pier which slopes up towards the sea at angle 6 = 5.0° from 
the horizontal as the stack goes 11.0 m straight down. 


a. Calculate the difference in the height of Michael on 
the skateboard at the beginning and end of the pier. 



(hei^vt di-f-f -for Midhael) 


sm(5.0°) 


JiO 




0^°l m (l sd) 


WlcVc a subs^\rip*t so ^ 

*tha*b wc up ^ 

W\{\\ the height o-f *bhc piev-. 一 

is Michael’s 'm height 


b. Calculate the normal force exerted by the pier on 
Michael, and hence the work done against friction. 

Normal -fordc is sa^e sizje as 
pcvpchdidular dompohCr\*t of y/ci^lvt- 

Iciglvt 

M<x ^ I ^~^ Use -these tips 

3 二破 to 3 etyou/ 



Michael docs 灼’七 *float 

•m the aiv- o\r disappear 

*thc you^d. So the 
pcv-pc^di^ula\r ^ow\fo^C^*ts 
o( the -fov-dcs adtmj oy\ him 
must add *to z^\ro. 

I 


F 


•briair^les \ri3lvb. 


丄 


Triangle Tip: sketch extreme angles 

If you’re not sure which angle in your 
force vector triangle corresponds to the 
angle of your slope, sketch a slope with 

a small angle, 0. Mak.” tKis a^lc small 

Kelps you to keef *tv-adk 
o-f si mi IdV - *bria>r^lcs. 


n 


e 


Now draw the force triangle. Draw on 
the weight pointing straight down. Then 
draw in the parallel and perpendicular 
components. It doesn't matter which way 
round you draw the components, as the 
triangle's sides will still be the same length. 


F 


n 


F 


mg mg 


6 


l-f you 
-fov-dc 


0 


F 


y/an 七 Y\t{. 

dovrn 七 1^ slope, 
its usually easiest 
to dvdv/ "tV)C -fovdc 
iv-ia^lc -tKis way 
vouir\di ； Wi{h *tV>c parallel 

OY\ slofc- 


? c^a»tuU ~ 个以 objett 

0 is the small angle in the slope triangle 
- so 0 will also be the small angle in the 

force triangle. 


丄 


CosC^.O 0 ) 
0Ox ， 0X6 OS (5.O °) 二 W¥ 


二 701 N 

N 


W 

W 


-frid*tioh 


-frid*tioh 




jaP n Ax 二 0.0500 x 701 x 11.0 
MO J (l sd) 


These also 
apfcav-cd m 

乙 lv H 
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tension, pulleys and problem solving 


c. Michael needs to have a speed of 10.0 m/s at the end of the pier. Use energy conservation to work out the 
mass that the stack needs to have in order to achieve this. 


Energy ai start =- 

at cy\A 


m(gh-.^v z ) =i + VzMy 1 + 


U + K + ^ + IV C x 

w\diY\ mah stadk W'\Cz\oy\ 


二 


卜 Vz\nw/ Z + W r . 

4rid*ticm 

- W) 

—(00 xx + (0.5 x 00 x IO z ) + MO 

=■ 



^ (1.0 x II) - (0.5 x IO z ) 

l^iv-odlu^c pa\rc^*thcscs *to leave ov\t 
m o 灼 *thc side. 


m 二 0^ 7 kg (1> sd) 


TV^'is »s lav-y\r 

mdss you c.al^ul3*tcd las 七 

time, was y\o 

mdlme ^v\A v\o W\thoY\, 
^\\\cM makes sense. 



How come we didtVt 
need to calculate the 
acceleration this time? We 
did when we used forces? 


Doing a problem a different way may 
involve different intermediate steps. 

Earlier on, you used forces to work out what 
mass the stack would need to be for a flat pier with 
no friction. As this method involved Newton’s 2nd 
Law, F net = m3., the acceleration was important. 

This time you used energy conservation. 

You didn’t need to calculate the acceleration, as 
you could get all you needed from the masses, 
differences in height and differences in velocity. 
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bullet points 


There goes that skateboard 


Michael’s taken your advice, and he’s off... 
let’s see how he does: 


© 





Success! Michael wins 
the competition - and is 
able to replace his soggy 
old skateboard with a 
sparkly new one. 



BULLET POINTS 

■ When two objects are joined 
together by a rope that’s pulled 
tight, they both accelerate at the 
same rate in the same direction 
that the rope moves in. 

■ The tension in a rope is the 
same at both ends. 

■ A mass won’t accelerate at 
9.8 m/s 2 when it falls if it is 
attached to another mass that 
isn’t also falling with it. 


If you have more than one mass, 
draw a free body diagram for 
each... 

... but do also check to see if you 

can use energy conservation 

instead! 

Play “spot the difference” to make 
sure you spot all the differences 
that involve energy transfer 
before you write down any 
equations. 
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tonsion f pulleys and problem solving 


Problems with a punchbag 

Geoff’s Gym was becoming more and more popular - so much so that 
his customers were having to queue for each piece of apparatus. But 
being that popular also has its disadvantages - and many of Geoff’s 
customers were talking of going somewhere more quiet once their 
current memberships had expired. 


Five 靡 mtfe 

Hymy 



So Geoff brought in lots of new equipment - bikes, rowing 
machines, weights machines - some seriously complicated 
and expensive pieces of kit. But the item Geoff had the most 
problems with was the humble punchbag. 


I just don’t know what went wrong,” he explains. “The 
punchbag’s 20 kg. So its weight is 196 N - call it 200 N to be on the 
safe side. I wasn’t able to hang it straight down like I usually would 
because the girders in the roof are in the wrong place. So I decided to 
use two ropes to hang it from a couple of girders. 



I thought that each rope will be supporting half of the weight. That 
must be 100 N per rope, as both ropes are at the same angle. The ropes 
I used to hang the punchbag were guaranteed to cope with a tension of 
up to 180 N ... or so the manufacturers claimed. 

So I put the punchbag on top of a stepladder to set it at the right 
height, then went up and attached the ropes. But as soon as I took away 
the stepladder, one of the ropes broke! I couldn’t believe it! And then 
of course the punchbag swung sideways and the other rope broke. 

Why did the first rope break? 
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did you remember swinging? 


Problems with a punchbag 

Why did the first rope break? 


Geoff assumed that each rope would only have to provide enough 
tension force to prevent the punchbag from falling. But 
the tension force also needs to prevent the punchbag 
from swinging, which is what would happen if the 
other rope wasn’t present. 

Each rope exerts a tension force on the punchbag in 
the direction of the rope: 



Five 卿寧 
Sajvea 



But for the punchbag to be stationary and not to swing, the horizontal 
components of the tension in each rope must also add up to zero. If you 
make left the positive direction: 


T lC os(30°) - T 2 cos(30°) = 0 



Have a 30 at 

solving -them 
you\rscl-ff 


This gives you two equations to work out two unknowns, T 1 and T r 
When you solve them, the tension in each rope is an enormous 196 N 
- the same as the tension you’d need to hold up the punchbag using a 
single vertical rope. As each rope can only cope with a tension of 180N, 
one of them broke just before the other one would have. 


The high tension is because of the relatively small angle the ropes make 
with the horizontal - a lot of extra tension is needed to prevent the bag 
from swinging. 


628 


Chapter 15 











tension, pulleys and problem solving 



Tension 


Tension is the force that a rope can mediate when 
it’s pulled tight. The tension force is the same at 
each end of the rope. 



Pulley 


A pulley allows you to M change” the direction of 
a force by providing a wheel that a rope can run 
around and providing a support force to prevent 
the rope from straightening. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 15 under your belt and 
added some problem-solving skills to your 
ever-expanding toolbox. 


and pulley 

a problem involves d V"ofC 3 
fullcy, look -to see i-f youVc asked 
about -fovdes. l-f so, you should dv*a>/ 
a sepavate -fv-cc body di 3 ^v-am -fov* 
tacM objed-t atbaAed *to He rope- 

The sizjC *tv^c tc^sio^ is *t^c same 
at cadh tr\A *t^c v-ofe. 

3o*t^ objcd*U must l^avc *t^c 
sizjc <^c addclcv-atio^, as -tV^cy avc 
atba 乩 ed -boyb^cv-. 


^po*t iKe di^evertde 

wc,1 as di-Pfcirch^s i h height, 

look oui ^o\r di^circhdcs i h speed 
ahd woirk dohC a 9 aihst 4idtioh. 

Play "spot the di^Whdc w like this 

bcW ^'te cUh 如 ehe^ay 

e^uatio, h> ^kc sLe 
y° u doh ^ miss 3 hyihih 3 out. 


Bireak dov/h *thc 

pv^oblci^ iivto 

^Ch you have a to^\\uitd 
Problem, t^ry io b^k it dowh 
… "to pa^rts. 

Thth start with the pavt that 
looks ^ ^sicst ^ you {o solve/ 


use cncv-JY 
? 


you use < 
cv-vation? 


C 3 ^ 

6oir\scv" 

1-(* you see a di-f-fcvc^dc m 
you should immcd»3*tcly *UVmk 
about us'm^ c^cv^y do^scv-va-tioy\ 

一 cspcdially i-f youVc ^o*t asked 
about -fovdes? 

This involves less ma*t^ 必， 

-fovdes - so takes you less time 
y/i*t^ less cM^Y\Ct o-f uf. 


le^EVHO 
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16 circular motion (part 1) 



You say you want a revolution? In this chapter, you ll learn 
how to deal with circular motion with a crash course in circle anatomy, 
including what the radius and circumference have to do with pies (or 
should that be ns). After dealing with frequency and period, you’ll need 
to switch from the linear to the angular. But once you’ve learned to use 
radians to measure angles, you’ll know it’s gonna be alright. 


this is a new chapter 


limber up 


Umber up for the Kcwtucky Hamster Perby 

Universally acclaimed as the most exciting two minutes in a 
wheel, the Kentucky Hamster Derby is big business! You’ve 
been called upon by one of the biggest owners in the business 
to implement an exacting training programme that’s been 
tailored for the big race. 


At the moment, the hamsters aren’t following their schedule. 
Some are slacking off, and others are over-working. It’s up to 
you to make sure that the hamsters train exactly as they should. 


Hey kiddo, this Kentucky Hamster 
Derby is big business, and we gotta get 
the training schedule absolutely spot on! 


0 



hams*tcv o>wr>CV* 


A) 


ttarws-tc\rs like -to \TUh all ih 

tkiir wheels. TV tv-aihihg Schedule 
is a way o( hoh'mg the kihds o( 
dis-tah^cs ahd speeds they typically 
a 七 ih*to 'tlrdihih^ -Po\r B 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Motor setting 

15.00 

3.00 



10.00 

4.00 



2.00 

5.50 




The hamsters are to do three different types of run, depending 
on which day of their schedule they’re on. The hamster owner 
knows the distances he’d like the hamsters to cover and the 
speeds he’d like them to run at. 


But he’s not great at physics - which is where you come in! 
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circular motion (part 1) 


You caw revolutionize the hamsters' framing 

It’s time to design the ultimate hamster training tool. 

The equipment you have to achieve this is: 


A standard hamster racing wheel with a 
radius of 10.0 cm. This means that it 
is 10 cm from the center of the wheel to 
the edge, where the hamster runs. 


The vddius is 
七 he dista^c 
-Pv-orw 七 he …七 C\r 
io 七 he cdjc- 



Br\d of mo 七 ov* 
be attached *to 

wheel *to h^rv\ i*t 



Alo-fcov has ^umbev-s OY\ - 

but uh-Pov-tuhatcly 七 he units 
have bcch vubbed off- 



A motor which attaches to 
the wheel to make it turn. 

It has some numbers on it, 
and higher numbers make 
the motor turn faster - but 
unfortunately the units have 


05 10 15 20 25 



been rubbed off. 



MoW *tuv^s -Pas-tcv 
slidev- moved *to 矿吵七 . 



A counter that counts wheel 
revolutions. You can use this 
to start the motor, then stop 
it after a certain number of 
wheel revolutions. 


Cou^-tcv C^y\ be 
pv-oyammed -to 

s-fcop rwo*to\r a-ftev 
d dev-ta'm ir^urwbcv- 
o( \rcvolutiohS. 




Cour\tcv- keefs brack 
o-f r\umbcv of 
y/iieel vcvolu*tior\s. 



Circular motion 
is ctiilerent from 



near motion. 


The schedule involves linear distances and 
speeds, which you’d usually measure along a 
straight line or by using component vectors. 

But the hamster wheel is circular, and 
the counter keeps track of the number of 
revolutions. How are we going to go from 
the linear schedule to the circular equipment? 





The schedule is linear, but the 
equipment is circular. What are 
you going to do next? 
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circumference and revolution 



So, there's big bucks 
in this hamster 
racing thing then! 


Joe: Yeah - it’s really important to get this training schedule 
automated and set up! 


Jim: So I guess we use the motor to make the wheel turn at a 
certain speed, and have the timer switch it off when it’s covered 
the right distance? That sounds pretty straightforward. 


Frank: We already know the wheel’s 10.0 cm all the way round ... 


Frank: Yeah, OK, so we need to figure out the distance a hamster 
runs for each revolution of the wheel. The counter counts the 
number of revolutions the wheel’s made. So we work out the 


Jim: No - the radius of the wheel is 10.0 cm, but that’s the 
distance from its center to its edge. We need to know the distance 
the outside of the wheel travels in one revolution. 


CVtu 啪 »s a 
y/o\rd *b^a*b w'CdnS 

a divdc. 


Tke circuiilerence 


ol a circle is 

tke DISTANCE 


sometking at tke 
edge travels in one 


REVOLUTION. 


/7 

( you also -biimk of 

V._ _ as d\shv\U 

avo^d cdy a statio^avy 

bu*b m ^ysits \{!s mov-c 
usc-ful *to about it m Wms 

Jt ： a vo-tatmj 


number of revolutions required to cover each distance, and we’re 
fine. 

Joe ： But if we don’t know the circumference of the wheel, we 
can’t do anything with that. 

Frank: What’s a circumference? 

Joe: The circumference is the special name for the perimeter of a 
circle - the distance all the way round the outside. 

Jim: OK, so we need some way of working out the circumference. 
If we know what distance the hamster covers when the wheel goes 
round once, we can use that to work out how many revolutions 
the wheel needs to do to cover each distance. 

Jim: And if we know that, then we can set the counter to turn the 
motor off once the wheel’s done the correct number of revolutions. 

Frank: I guess we need to work out what those numbers on the 
motor mean as well, so we can get the speed right. It’s a shame the 
units got rubbed off. 

Joe: Yeah, that’s a good point. 

Jim: Well, speed is distance divided by time, isn’t it? So if we get 
the distance sorted out first, we can think about setting the right 
speed later. 

Frank: Cool, let’s go for it! 
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Thinking through different approaches helps 


You need to work out the hamster wheel’s circumference 
(the distance all the way round the edge) so that you know 
how many revolutions are equal to each distance in the 
training schedule. 

But all you know at the moment is that the wheel is a circle 
with a 10.0 cm radius (the distance from its center to its 
edge). How are you going to work out its circumference so 
that you can implement the training schedule? 


Use "the (oy\Ct 

you k^ov/ i*t) -fco v/ovk out how 
v-cvolutio^s -the wheel 
-fco do (ov eddh 


is d d'ivtic- 






vadius — 10.0 Cnx 


— ^harpen your pencil_ 

You have a hamster wheel and want to know the distance that the hamster will cover when the wheel 
goes round once - i.e., the circumference of the wheel (which has a 10.0 cm radius). 

Write down as many methods as you can think of to work this out. 

You’re describing practical methods, not giving a numerical answer. 
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equations save time 



You have a hamster wheel and want to know the distance that the hamster will cover when the wheel 


goes round once - i.e., the circumference of the wheel. 

Write down as many methods as you can think of to work this out. 


You’re describing practical methods, not giving a numerical answer. 


a ficdc y/\rap i*t 

OY\tt \rouhd -the wheel- 
Ma\rk i*t domes h>, "the 的 

•take o^-f wheel 

measure i*t a \rulc\r. 






功 _ n » m i 雄 m in 

□Hi dci on ini n m ul m n ut m m □ 

iitymltttaldiiiMi 〖 I 1 ii hln lm Wii—W indiil 



Remove wheel -fvom By\A mdke d ma\rk 

oy\ i-t- L*mc up -this ma\rk with a ma\rk oy\ *thc JV-ou^d* 

Then \roll *thc wheel along uirrtil ma\rk is *toudiVmg 
*thc jv-oui^d d^dm. 

Measure *tiic dis-ta^dc between -the -fiv-s-t mav-k 

*thc jv-ou^d d^d -the sc 匕 o 灼 d ma\rk OY\ *thc jv-ou^d. 




Ifd be a shame to have to do all that again 
if we decide to use a different wheel, or if we 
have to deal with other circles in the future. Is 
there an equation we could use instead? 


Equations save you time. 

You can work out the distance around the 
hamster wheel by wrapping string around 
it or rolling it. But what if you need to deal 
with other circles in the future? 

It’s definitely easier to use a ruler to 
measure a linear distance (like the radius) 
than it is to measure a curved distance (like 
the circumference), so an equation linking 
the radius and circumference would be 
useful! 


II you kave to 
do a task more 
tkan once ，try 
to work out an 


eejuation tliat’ll 
save you time. 
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circular motion (part 1) 


A circle's radius and circumference are linked by n 


All circles are similar. They’re exactly the same shape zoomed in or out: 
Although they don’t have ‘sides’，you can be sure that the ratio of a 

circle’s circumference to its radius will always be the same. (Just 
like the sides of similar triangles always have the same ratios.) 



TV’s is way o-P sayih 3 that 

whatever si^c iht 〜 de is, its v-adius 
will always -Pi-t av-ou^d its div-^urh-Pcv-chdc 
"the hurr»bc\r o-p "tirhCS. 


••"tiiv-cc 1 




>u\r 


*tirr»cs... 



h 6\rde’s iradius -Pits a\rou^d 
its di\rdur»\-Pc\rc^dc : 


Oy\Ct- 



0.28 厂 


(l sd) 


times *m "total. 


...six. times". 


...-rive 'times... 


A circle’s radius fits around its circumference 
approximately 6.28 times (3 sd). 

The actual ratio of the lengths is a number 
with an infinite number of significant digits! 
So rather than writing “6.28 (3 sd)” as the 
ratio, there’s a special abbreviation for it - 2jt, 
where jt = 3.14 (3 sd). 

So you can write down the equation C = 2Jtr, 
where C is the circumference and r is the 
radius. In other words, if a circle’s radius is 
1.00 m, its circumference is 6.28 m, and so on. 


CiV"£.ur»\-PcV"C^C.C Radius 

= 277 r< ; 

_^ 


JT 二孓 I 午 sd) 


In pkysics, tke 
RADIUS is more 

interesting tkan 
tke ctiameter. 

For example, 
torque = radius x iorce 


But thafs just dumb! Why not make tt 
twice as big, i.e. n: 6.28... 7 so that the ratio is 
tt instead of 2n? If I get to make up a new number, 
surely ifs easier not to have that 2 in there! 


n was invented when the diameter 
was more interesting than the radius. 

Mathematicians originally defined jt as the ratio 
between a circle’s diameter (the distance across the 
circle) and its circumference. The diameter is twice 
the length of the radius, so jt = 3.14 (3 sd) as the 
diameter fits round the circumference 3.14 (3 sd) 
times. Once jt has been defined, you can’t really go 
changing its value. 

In physics, you’re often a lot more interested in the 
radius of a circle than you are in its diameter (for 
example, torque = radius x force), so the value 2jt 
will often turn up in your equations. 

n = 3.14 (3 sd) 
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n is a ratio 


tfiereiare no 。 

Dumb Questions 


What are the units of 7T? 

77 is a ratio of two lengths, the circumference and the 
diameter. It tells you the NUMBER of times the diameter fits 
into the circumference - 3.14 (3 sd) times. Length divided by 
length is dimensionless, so 7T is a NUMBER and doesn’t have 
any units. 

Do I need to remember the value of tt for my exam? 

Knowing that n = 3.14 (3 sd) is useful. If you’re doing 
AP Physics, you won't have a calculator in the multiple choice 
section, so the approximation 7T = 3 (1 sd) will help you to 
choose the option that’s in the right ballpark. 

Can I use the [u] button on my calculator in the 
section where I’m allowed a calculator? 

Yes, that's be fine - though you need to round your 
answer to an appropriate number of significant digits at the end. 

But why is u 3.14 (etc) in the first place, when that 
makes the ratio of a circle’s radius to its circumference 2n? 

rr was originally coined to describe the ratio between a 
circle’s circumference and its diameter: C = nd. Nowadays, the 
ratio of a circle’s circumference to its radius is more often used 
in physics - but the value of n had already been decided. 

The ratio of a circle’s circumference to its diameter is u. As 
the radius is half the length of the diameter, the ratio of the 
circumference to the radius is 2u. So C = 2m 


C = 2nr 


You said that n has an infinite number of digits? 
Surely it must end somewhere! 

Nope! 7T is an irrational number, which means you can't 
write it down exactly. 

Is that why there’s a symbol for it then? To avoid 
having to write more of it out than you really need to? 

That’s right. You can write the equation: 
circumference = 2nr and the sign is true because when you 
use the symbol n it implies the full irrational number! 

Otherwise you’d have to write circumference = 6.28 厂 （3 sd) 
as you'd never be able to write down the exact value of the 
circumference as an equation. 

That all sounds a bit philosophical to me. I guess 
that in practice, I can write down circumference = 2m 
when I’m showing my work, then at the very end I can use 
the value 3.14 (3 sd) for n when I’m actually putting the 
numbers in to work out an answer? 

That’s a very good way of thinking about it. 

So do I get to use n to design the hamster trainer 

now? 

On you go then ... 


JC is tke ratio oi two lengftks 
- it tells you tke MUMBER ol 
times tke ctiameter iits into 
tke circuitiierence. Because JC 
is a NUMBER, it kas no units. 
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circular motion (part 1) 


Convert from linear distance to revolutions 


The hamster training schedule contains 
distances in km. Your job is to implement the 
schedule using the wheel and a counter that 
keeps track of the number of revolutions. So 
you need to work out how many circumferences 
- and therefore how many revolutions - each 
distance is equivalent to. 



: 今 Ij^rpen your penci 


a. Assume you have a hamster wheel, radius r. 
Write down an equation in terms of r that gives 
you the distance that something on the edge of 
the circle will cover if the circle rotates once. 


b. You would like the hamster to cover distance x. 
Write down an equation that gives you x in terms 
of r. and the total number of revolutions, N. 


Dor /七 v/o\rv-y about 

"this dolurrtiD ye 七 
youll -Pill i-t m latcv-. 


c. Your hamster wheel has a radius of 10.0 cm. Fill in the 
'total number of revolutions’column for the distances 
shown in the hamster training schedule. There’s space 
under the table for you to show your work. 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Motor setting 

15.00 

3.00 



10.00 

4.00 



2.00 

5.50 
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check your units 



rpen your pencil 

Solution 


Dor /七 wov-v-y about 
"this dolur»m ye 七 
you’ll fill i*t m la-tcv-. 


a. Assume you have a hamster wheel, radius r. 
Write down an equation in terms of r that gives 
you the distance that something on the edge of 
the circle will cover if the circle rotates once. 


c. Your hamster wheel has a radius of 10.0 cm. Fill in the 
'total number of revolutions’ column for the distances 
shown in the hamster training schedule. There’s space 
under the table for you to show your work. 




C — 2 -JVr 

b. You would like the hamster to cover distance x. 
Write down an equation that gives you x in terms 
of r. and the total number of revolutions, N. 

Numbcv- o-f revolutions is same as ^umbev- 
<^f di\rdum-fc\rc^cs 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Motor setting 

15.00 

3.00 

IZ^OO (Z sd) 


10.00 

4.00 

l^OO (Z sd) 


2.00 

5.50 

zieo (z sd) 



O.IOOj 


卞二 ZjTv-N 今 N 




2J7V 




d 灼 d 


C 二 2-JVr 




⑽ X I 〜 

you have 3 nr»ix.-tu\rc of dis-td^e 
u^iis, its usually sa-Pcs-t -to dorwev-t ^ = 
cvev-ythi^j io mc-tev-s. 


Z x 丌 x O.lOO 

revolutions Ci sd) 


10.00 km ： U 


10.00 x I0 l 





How do you get units 
of revolutions from a distance 
divided by a distance? Doesn’t that 
fly in the face of everything weve said 
about units up until now? 


Z x 丌 x O.lOO 
hi — 1^00 revolutions (?> sd) 


Z OO km ： f\l 


1.00 X 10 ^ 


~ z x jrx o.loo 

U — ZI^O revolutions Ci sd) 


Your answer is a NUMBER of revolutions. 

To work out the number of wheel revolutions in 15 
km, you divide the total distance (15000 m) by the 
circumference of the wheel {2Jtr — 0.628 m). This gives 
you an answer of 23900 - and there are no units, as a 
length divided by a length is dimensionless. 

So be careful if you’re checking the units of an 
equation or answer. A quantity that represents 
a number (of things, for example number of 
revolutions') doesn’t have units! 


The u^i-fcs divide 
ou 七 Bv\d 


A 


= 23900 t ( 3 sd) 
The -Pmal a^swev- 

is a NU/l/lBER 

>wi*th y\o u 灼 rfcs. 
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Convert the linear speeds iwto Hertz 


The distances slot into the training schedule brilliantly - but 
the speed the hamsters train at for each session is also vital. 
You have a motor you can use to turn the wheel... but the 
units have been rubbed off. However, the hamster owner 
thinks that the motor might be marked in Hertz. 


The distances are cool - but 
the speeds are really important 
too. I think the motor might be 
in Hertz ... can you help? 



Wt^ri-z. is always 

capitalized, dhd cat\ be 
abbircviatcd -to ftz. 


O 


Hertz is a unit of frequency that describes the number of times 
per second something regular happens. In physics, this is often 
referred to as the number of cycles per second. 

So if the wheel goes round 5 times per second, you can say that it 
has a frequency，/ of 5 Hz. 


The period of the wheel is the time the wheel takes 
to do one rotation, and is given the symbol T. 

You can calculate the period from the frequency. If 
something happens 5 times per second (so has a 
frequency of 5 Hz), then it happens 5 times in 1 second. 

So its period must be T = = 0.2 s. 







Pcviod 







irpen your pencil 


a. What time, in seconds, does it take the 
hamsters to cover 15.00 km at 3.00 km/h? 



b. You already worked out that this training plan 
involves the wheel doing a total number of 23900 
revolutions. Calculate the period, T, and hence the 
frequency, f, of the wheel, and fill in the table. 


The pev-iod, T, is -the time -Po\r 
erne o( -the wheel. 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Motor 

frequency (Hz) 

15.00 

3.00 

23900 (3 sd) 


10.00 

4.00 

15900 (3 sd) 


2.00 

5.50 

3180 (3 sd) 

_ 


c. Do similar calculations to fill in the rest of the table. 
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answers and quesf/ons 


(^Sharpen your pencil 

Solution 


a. What time, in seconds, does it take the 
hamsters to cover 15.00 km at 3.00 km/h? 

dis*ta^c dis*ta^c 


s 


•time 

^ h\r 


•time 

1^.00 km 


-time 




s 


peed 


Z.00 km/W 
^>0 
I 、 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Motor 

frequency (Hz) 

15.00 

3.00 

23900 (3 sd) 

I3Z (Z sd) 

10.00 

4.00 

15900 (3 sd) 

i.rm sd) 

2.00 

5.50 

3180 (3 sd) 

sd) 




X 


X 


t>0 


s 



leooo 


b. You already worked out that this training plan 
involves the wheel doing a total number of 23900 
revolutions. Calculate the period, T, and hence the 
frequency, f, of the wheel, and fill in the table. 

Pc\riod is *timc -fov I revolution. 

2^/]00 revolutions -take I 纪 OOO s. 

leooo 


=9> 


%Z°iOO 


T 一 on^> 


s a sd) 


I3Z ttz. (Z sd) 


s 


c. Do similar calculations to fill in the rest of the table. 


10.00 km ai 午 .00 km/h -takes 


10.00 

^00 


x 厶 0 x 厶 O 二 °(000 s. 


t 1000 r 

T 二 iw 卜 

2..00 km ai 弓弓 O kmA takes 

^ IZIO , 


丄一 1^00 

T 二 °{Oob 

1.00 


\m ttz. G sa) 


mo 




〒 


x ^>0 x l>0 - IZIO s. 


zieo 

W 


Z.^Z Hi cz sa) 


tkeveicive n' 



Dumb Questi9ns 


This is d sho\rbdu*t *blia*t s-toPs you . 
hav'mj -to dakula-te a value -rov- T 
bc-Po\rc you daldula-be a value -Pov- -f. 


What’s the difference between the 
frequency and the period? 

The frequency is the number of cycles 
per second - the number of times a regular 
thing happens per second. 

The period is the number of seconds per 
cycle - the number of seconds that it takes 
for a regular thing to happen once. 

Why is frequency measured in 
Hz instead of however you’d write “per 
second” as a unit? 

“Hz” is easier to write than “1/s” (which 
is the correct format) and less open to being 
misinterpreted. 


I’ve seen frequency written in units 
of s 1 in other books. Is that OK? 

Yes, that’s fine, and is another way of 
representing units using scientific notation. 
For example, other books may say ms 2 
instead of m/s 2 . As long as you use what 
you’re comfortable with, you'll be fine. 

Why aren’t the units of frequency 
written as cycles/s? Why just “1/s ”？ 

Good question. The thing to remember 
is that frequency is the number (of things) 
per second. It could be the number of 
revolutions, or the number of waves that 
break on the beach or the number of times 
a dog barks. A number is dimensionless so 
has no units. 


What if the regular thing happens 
less than once per second? 

Then the frequency would be smaller 
than 1. For example, something that 
happens every 5 s has a frequency of 0.2 Hz. 

Why does f = j and T = j ? 

Frequency is cycles per second; 
period is seconds per cycle. “Per” means 
“divided by", so frequency and period are the 
“opposite way up” from each other. 

For example, if something happens 5 times 
per second, it has a frequency of 5 Hz. 
Another way of putting it is that the thing 

1 

happens every 0.2 s because T = 了 = 02 s. 
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circular motion (part 1) 


So you set up the machine 


• tt 


You’ve used the fact that the circumference of a circle C = 2icr to convert 
the units in the training schedule (km and km/h) to units that are much 
easier for you to work with - number of revolutions and Hertz. 

The motor has numbers on its dial, but the units have 
rubbed off. The hamster trainer is sure they must be Hertz, 
so you set up the machine to test the first training session on 
the schedule, using the data from your table ... 


Cou^tcv- is set "to 
s-fcop y/hed a-Ptcv- 
23^00 ire volutions. 



Moiov is 

srt to \?P>. 





tt t 


but the wheel turws too slowly! 


When the billionaire hamster owner comes to inspect your work, 
there’s a problem. He says that the wheel’s turning far too 
slowly - something’s gone wrong and you need to fix it quickly 
if you’re going to stand any chance in the race! 


^^arpen your pencil 


a. What do you think might have gone wrong' 


b. How would you go about investigating and fixing it? 
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speed up the wheel 


en your pencil_ 

Solution 

a. What do you think might have gone wrong? 

Maybe ov/^cv- jo*t u^i*ts o( mo*tov y/v-oi^j, 

Bv\d *thcyVc somc-tWmg else ms*tcad o-f ftz- 

b. How would you go about investigating and fixing it? 

Do some -tests o\r c 乂 pevime 灼 y/i*th *t^C mo*bo\r *to 
doim 七 ^umbev- o-f revolutions i*t does'm 3 dc\rta*m 
time v/hen sc*t *to 3 dc\rt3m ^umbev-, *to *bry 七。 y/o\rk 
out v/ha*t its u^i*ts a\rc hoy/ *to do^vc\rt *to 
y/lia*t v/c already know about 


Jim: I already double-checked the math - and it’s fine. 

Joe: Hmm. Maybe we made a mistake with some units. 

Jim: I already checked the units - they all work out. 

Joe: No, I mean we assumed that the numbers written on the motor 
are in Hertz when the units had rubbed off. But what if the hamster 
owner’s wrong about that? 

Frank: So how are we going to work out what the numbers on the 
motor mean? I guess we could count how many times it actually 
goes round per second when it’s set to 1.33 like it is now? 

Jim: Why use a clumsy number like 1.33? Why don’t we set it to 
c 1.00’ and see how long it takes to do 1 revolution like that. Then 
we’ll be able to convert the frequency in Hertz we worked out to 
whatever units the numbers are in. 

Joe: Yeah, ‘1’ is an easier number to work with. I guess we could 
also move the slider to try and make the wheel go round exactly 
once per second. Then we have two values to work with. 





Always make 
sure you know 

tke UNITS oi 

everytking youve 
dealing witk! 
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circular motion (part 1) 


Try some numbers to work out 
how things relate to each other 

We originally assumed that the numbers on the motor 
represent revolutions per second (i.e. Hz) - but the 
wheel’s going too slowly for that. What you need to do 
is try some ‘nice’ values on the control, and count how 
many revolutions per second they correspond to. 


II you want to try 
tilings out，ckoose 
’nice’ nuititers, like 
1 or 10 , to play witk. 


What if you set the motor to 1.07 What if the wheel goes at 1.0 Hz? 


When you set the control on the motor to 
1.0, the wheel takes around 6.3 seconds to 
complete exactly 1 revolution. 

A1a\rk oy\ wheel 



io "\.00! 


Then you try to find the value on the motor 
where the wheel actually goes around once 
per second, i.e., with a frequency of 1.0 Hz. 
After playing a bit, you find that a setting of 



I v-cvolutioh 
takes I s. 


{p w 



With the motor set at 1.0,1.0 revolution 
takes 6.3 s. And with the motor set at 
around 6.3,1.0 revolution takes 1.0 s. 


Have you seen a number close to 6.3 
somewhere else recently? Look back 
through this chapter if you can’t remember. 

What do you think the numbers on the 
motor might represent? 
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radians measure angles 



The divdum-fcrchdc of d tvcC\t is ZjT - or i.2*0 — *times 
lav^cv *tl^h *thc \rddius. So I revolution is ^rouhd H 
radii. I*f you srt *thc mo*bo\r -to I, i*t *takcs abou-b 厶 3 
sedohds do oy\C vcvolu*tioh (i c. ^>3 \rddii) A^d ^ you 
set *thc mo*bo\r *to ^>3, i*t does I revolution (i.e. \rddii) 
•m a scdor\d. 

So maybe ur\i*ts oy\ *the mo*to\r *tdl you hoy/ mahy 
\rddii per sedohd *thc ou*tsidc of *thc wheel docs? 


With the motor set at 1.0, 1.0 revolution 
takes 6.3 s. And with the motor set at 
around 6.3, 1.0 revolution takes 1.0 s. 

Have you seen a number close to 6.3 
somewhere else recently? Look back 
through this chapter if you can’t remember. 

What do you think the numbers on the 
motor might represent? 


The units oh the motor are radians per second 


You’ve spotted that there are around 6.3 (2 sd) 
‘radii’ in a circumference. When the motor is set 
to 6.3, the wheel goes at 1 revolution per second 
(i.e. 6.3 ‘radii’ per second). 

The numbers on the motor should have units 
of radians. A radian is a unit used to measure 
angles. If you rotate the wheel through an angle 
of 1 radian, the outside of the wheel travels a 
distance equal to the radius of the wheel. 



l-p you *tu\rr> v/KccI 

•thvou^h By\ of 

I v-adia^ ou*bidc 
•tvavcls the same 
disiar>de as -the vadius. 


Radians are 
a way ol 
measuring 
angles. 


Tkere are 
%7t ractians in 
one complete 
revolution. 


Radians are very helpful if you’re trying to connect the 
angle a wheel’s turned through and the distance the edge 
of the wheel has covered. 

The edge of a wheel that’s turned through an angle of 1 
radian has covered a distance the length of the wheel’s 
radius, r. If you turn the wheel an angle of 2 radians, 
the edge covers a distance of 2r. If you turn the wheel 
by 2.4 radians, the edge covers a distance of 2.4r. You 
multiply the angle by the radius to get the distance. 

If you rotate the wheel through an angle of 2jt radians, 
the outside of the wheel travels a distance of 2Jir, as the 
circumference of the circle = 2Jtr. Therefore, there are 2jt 
radians in one revolution. 

This fits with what you learned by experimenting with the 
motor. When the motor is set to 6.3 (2 jt) radians per second, 
the wheel goes round at a rate of 1 revolution per second. 


646 Chapter 16 









circular motion (part 1) 


Lmcav- 
dis 七 




X 


This is 
a s^dlav- 

C^Uc|-tioir> 



m 


v-adia^s 


0<J 


But why invent another way 
of measuring angles when I*m 
perfectly happy with degrees? 


Radians are particularly useful 
when you’re dealing with circles. 

Degrees are only ‘familiar’ because you’re 
already used to dealing with them. As you 
practice with radians, they’ll become a whole 
lot more familiar. 

Although you’ll still use degrees when working 
with triangles, radians are particularly useful 
when you’re dealing with circles, as you can 
move between angles and distances more 
quickly using the equation x = rO, where x is 
the distance covered round the edge of the 
circle as you rotate through angle 6. 







When you’re working with circles, radians help you to move between angles and distances 
quickly. Here’s your chance to practice working with radians and compare it with working with 
degrees before you go on to do the ‘mission-critical’ bit with the hamster wheel. 


Working with degrees 


Working with radians 


A hamster wheel with a radius of 0.100 m turns 
through an angle of 60°. What distance does the 
outside of the wheel cover? 


is 


swcf*t ou 七 by a 灼 


A hamster wheel with a radius of 0.100 m turns 

through an angle of 号 radians. What distance does 
the outside of the wheel cover? 

Use the 

C^u^-tioh % — yO 
whc\rc X is the 

dis-ta^c ^ovcv-cd 
-fov- the 0 . 


Compare the math you’ve had to do to calculate a distance from an angle using degrees and using radians. 
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radians, fractions, and n 



When you’re working with circles, radians help you to move between angles and distances 
quickly. Here’s your chance to practice working with radians and compare it with working with 
degrees before you go on to do the ‘mission-critical’ bit with the hamster wheel. 


Working with degrees 


Working with radians 


A hamster wheel with a radius of 0.100 m turns 
through an angle of 60°. What distance does the 
outside of the wheel cover? 

i>0° is or p dirde. 

To-tsl dirdum-fcrchde ― 2-JVc 
toMcrtd 二 去 x 2-JVr 

二 x Z x jr x O.lOO 

Dis-ta^dc dovcv-cd — 0.105 m sd) 


A hamster wheel with a radius of 0.100 m turns 

through an angle of 号 radians. What distance does 
the outside of the wheel cover? 

% 二 

卞二 O.IOO X ^ 

卞二 0.105 m Cl sd) 


Compare the math you’ve had to do to calculate a distance from an angle using degrees and using radians. 

The -f'mal s*tcp o-f is rwore or less sdrme bo*th Bu*t i 七 *takes mudh *bo yt 七 here 

-from m decrees i*t does -from dr\^le'm radidhs. 


Why would I want to use radians to 
measure angles? 

If you're working with circles, radians 
simplify calculations greatly. In degrees, you 
first of all have to work out what fraction of 
the circle the angle is (for example, 60° is 
a sixth of a full circle), then multiply that by 
2nr to get the distance. But in radians, this 
has already been done, and you only have 
to multiply the angle by the radius to get the 
distance. 



Q/ Will I be using radians for the rest 
of this book then? 

For anything involving circles and 
regular motion, you'll be using radians. But 
you'll still be using degrees for triangles. 

How can I get used to using 
radians when they look so weird! 

The big thing to remember is that there 
are 2 汀 radians in one complete rotation. 

So there are n radians in half a rotation , 晉 
radians in quarter of a rotation , 晉 radians in 
a sixth of a rotation, etc. 


Aren’t fractions of n very awkward 
to work with, as u is an irrational 
number? 

As long as you keep using fractions, 

like 晉 and y, then only put in the value of 

7T at the end of a calculation, the fractions 
aren’t difficult to work with. 

Tkink ol angles in 
radians in terms oi 
fractions of jt. 
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circular motion (part 1) 


Is thinking about radians in 
terms of fractions of n a bit like 
thinking about angles in degrees 
in terms of fractions of 360°? 


Yes - it’s good to think of angles in 
terms of “fraction of a revolution.” 

There are 360 0 in one full revolution. As you’ve 
practiced using degrees, you’ve got used to the idea 
that 90 o is a right angle (quarter of a revolution), 
45° is half of a right angle (an eighth of a 
revolution), 180° is half a revolution, and so on. 

Here’s the opportunity to practice thinking about 
radians in a similar way: 




P ⑽ 1 puzz]e - ^a^lans 

Your job is to take the angles 

measured in radians from the 
pool and place them into 
the boxes around the circle 
to indicate the size of each 
angle. You may not use the 
same angle more than once, 
and you won’t need to use all 
the angles. Your goal is to become 
more familiar with using radians 
to measure angles. 


Note: each angle from 
the pool can only be 
used once! 




Mcasuvc 七 he a^lcs 

dour>*tcv--dlodkwisc 
-p\rom ho\rizjOir>*tcll. 
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pool puzzle 


Paa] puzz]e - ^lans ^ 蓦 OLUTlOjJ 

Your job is to take the angles measured in radians from the 
pool and place them into the boxes around the circle to 
indicate the size of each angle. You may not use the 
same angle more than once, and you won’t need to use 
all the angles. Your goal is to become more familiar 
with using radians to measure angles. 



Jt 


Z Jt 
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circular motion (part 1) 


Convert frequency to angular frequency 


You’ve worked out that the units on the motor are radians per 
second. This is known as the angular frequency, and is 
given the symbol 0) (pronounced “omega”). So if you set the 
motor to 1.0, it will turn at a rate of 1.0 radian per second. 

There are 2jt radians in one complete revolution. You already 
know the frequency,^ that the wheel needs to be set at for 
each run - this is the number of revolutions per second that 
the wheel does. 






2 



Tke angular ireejuency 


is tke nutnl>er ol 
radians per second. 


As there are 2jt radians in 1 complete revolution, 
you can use the equation 0) = 2Jtf to calculate 
the angular frequency that the motor needs to 
turn at for each of the hamsters’ training sessions. 


(^|^rpefi your pencil 


Complete the table by calculating the angular frequency that the wheel needs to turn 
at for each training session. There’s space for your work under the table. 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Frequency (Hz) 

Angular 

frequency (rad/s) 

15.00 

3.00 

23900 (3 sd) 

1.33 (3 sd) 


10.00 

4.00 

15900 (3 sd) 

1.77 (3 sd) 


2.00 

5.50 

3180 (3 sd) 

2.43 (3 sd) 

_ 
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get on, little hamster 



irpen your pencil 
Solution 


Complete the table by calculating the angular frequency that the wheel needs to turn 
at for each training session. There’s space for your work under the table. 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Frequency (Hz) 

Angular 

frequency (rad/s) 

15.00 

3.00 

23900 (3 sd) 

1.33 (3 sd) 

035 (1 sd) 

10.00 

4.00 

15900 (3 sd) 

1.77 (3 sd) 

113 (Z sd) 

2.00 

5.50 

3180 (3 sd) 

2.43 (3 sd) 

153 Cl sd) 


: 

CO = 

: Zm = 

- z x jr ^ \ V> 

二 035 rad/s Cl> sd) 

1.77 Hzl : 

CO : 

- Zjrf : 

- z x jr x 1 11 

=■ II I vad/s sd) 

Hzl : 

CO = 

- Zjrf = 

-z x jr x z. 午冬 

=■ 153 vad/s (1> sd) 


The hamster traiwcr is complete! 

When you put the finishing touches to your hamster trainer 
by calculating the angular frequency, it’s brilliant! After some 
hearty congratulations from the owner, you find yourself 
with a 20% stake in the thoroughbred hamster that’s favorite 
to win next month’s Kentucky Hamster Derby! 




BULLET POINTS 


■ A circle’s circumference 
is 277 times the size of its 
radius, C = 2nr. 

■ Frequency, f, is measured 
in cycles per second, or 
Hertz (Hz). 


■ 


Period, T, is the time it 
takes for one regular thing 
to happen. Think of it as 
“seconds per cycle.” 


■ Radians are a way of 
measuring angles that are 
especially useful for doing 
calculations with circles. 
There are 2u radians in one 
revolution. 

■ It can sometimes be helpful 
to think about radians in 
terms of fractions of u. 



■ Angular frequency, w, is 
the number of radians per 
second. 

■ As there are 2tt radians in 
one revolution, x = r9. 

■ As there are 2n radians in 
one revolution, uj = 2nf. 
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circular motion (part 1) 


Fireside Chats 



Tonight’s talk ： Degree and Radian have a barney about who 
is better at measuring angles. 


Degree: 


Radian: 


Well, hello radian. You’re pretty late to the party, 
aren’t you?! 

I wouldn’t quite say that. Sure, you’ve been around 
for a bit longer than I have. But that doesn’t mean 
you’re inherently better - just over the hill! 


But I’m so easy to understand! None of those 
messy pies (or should I say jts) - just 360 degrees of 
goodness in every complete revolution. How much 
more straightforward can you get? 

OK, so I admit that the jts might take a little bit 
of getting used to. But once you’ve got your head 
around them, you have to admit that I have far 
greater superpowers than you do! 

Oh yeah?! Such as ... ? 

Well, it’s really easy to calculate distances from 
angles when something’s going round in a circle 
using me. Suppose a wheel goes round an angle 
of 6 radians, and they want to know the distance 
the has wheel gone? No problem! Just multiply the 
angle by the distance you are from the center of the 
circle (the radius, r) to get the distance, r6. 

They can do that with me as well though! Suppose a 
wheel goes round 180°. They can work out that this 
is half the circle, as 180/360 = 0.5. And they know 
what the circumference of the circle is - 2Jtr. So they 
just multiply those together - 0.5 x 2Jtr to get nr 
which is the distance the wheel’s gone. Sorted! 

Um ... you mean that if you go round Jt radians (i.e. 
half a circle) you’ve travelled a distance of r6 — nr 
I’m sorry, but my way is just a lot lot quicker! 

But your way is sooo anti-intuitive! 


I think you really mean that my way is much better 
once you’ve got used to it! 


Whaaaaatever! 
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more hamster training 


A couple of weeks later... 

The hamsters are ready to move into the sprint training phase 
of their program. The owner explains that he wants the 
hamsters to be able to run at 3.00 m/s - and that he also wants 
an easy way to convert from speeds in m/s to “the numbers on 
that motor’’. 

This means that you need to come up with a way of converting 
between meters per second (linear speed) to radians per 
second (angular frequency). 


When you did this before, it involved several 
steps. First of all, you worked out the 
total number of revolutions for a training 
run, and the total time the run took. From 



Hey! We need some help here 
with the speed training - and 
an easy way to get from m/s to the 
numbers on that motor! 


these figures, you were able to calculate 
the frequency (revolutions per second) and 
from there the angular frequency (radians 
per second). 


y wr pcJ 

士 ^=;工===一 


to turn 


Distance 

(km) 

Speed 

(km/h) 

Total number 
of revolutions 

Frequency (Hz) 

Angular 

frequency^r^d/s)^H 

15.00 

3.00 

23900 (3 sd) 

1.33 (3 sd) 

0 .明 G sd) 

10.00 

4.00 

15900 (3sd) 

1 .77 (3 sd) 

ll.l il sd) ■ 

2.00 

5.50 





Wouldn't it be dreamy if we could convert 
between linear speed and angular frequency 
quickly. But I know it's just a fantasy... 


That’s a lot of steps! 

But back then, you didn’t know that the 
numbers on the motor were radians per 
second - you didn’t know that’s what you 
were aiming at. Now you know that you’re 
aiming at radians per second ... 








654 


Chapter 16 


















circular motion (1) 


So we need to convert 
from meters per second 
to radians per second. 


Qo O ^ 



Jim: Yeah - but that took us a loooong time before! 


Joe: I’ve noticed that both the things we’re supposed to be working 
with are “per second’’. Meters per second and radians per second. 

Frank: So if we can convert from meters to radians, we might be 
able to do it more quickly than we did before. 

Jim: We can already go between meters and radians! x = r6. 

Frank: Hmm. So multiplying the angle (in radians) by the radius 
gives you the distance in meters, x — r6. 

Jim: I wonder if that means multiplying radians per second by the 
radius will give us meters per second. 

Joe: Yeah ... maybe we can say that v — rco? 

Jim: How do the units check out? If you multiply radians by the 
radius, you get meters. So if you multiply radians per second by the 
radius then you get distance per second. , 

Frank: And “distance per second” is just another way of saying 
velocity. Brilliant! These avc some -Pv-om 

cavlicv- dhaftev- 七 ha 七 -the juys 

avc about 


(^U^rpen your pencil 


a. Your hamster wheel has a radius of 10.0 cm. Use the equation v = ru to calculate the angular 
frequency it would need to turn with to enable the hamster to run with a speed of 3.00 m/s. 


b. Your motor can spin at any angular frequency up to 25.0 rad/s. How might you build a speed trainer 
capable of making a hamster run at 3.00 m/s if you don’t have a faster motor available? 
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solve for v 




Solution 


a. Your hamster wheel has a radius of 10.0 cm. Use the equation v = rcj to calculate the angular frequency 
it would need to turn with to enable the hamster to run with a speed of 3.00 m/s. 


v =- yCO 

4 - 丄 - loo 

今 ⑺- r - o loo 

CO =■ 1>00 vad/s sd) 


b. Your motor can spin at any angular frequency up to 25.0 rad/s. How might you build a speed trainer 
capable of making a hamster run at 3.00 m/s if you don’t have a faster motor available? 

v 二 rCO- The speed depends oy\ both {he radius *thc a^^ulav* -fv-e<\uchdy. 

|-f its y\o*t possible *bo ihdrease 3ho*thcv- way *to yt 3 hi^hev- 

speed is {o mdrease -the radius. So you dould use a lav-^cr wheel wi*th sarme mo*bo\r. 


tWei^re no o 

Dumb Questions 


So radians help you to go straight from 
distance to angle, or from speed to angular 
frequency? 

Yes - you can use the equations x- r0m6v- rco to 
move quickly between linear and angular quantities. 

What if I want to know the speed of a point 
that’s on the wheel, but not at the edge? 

When the wheel spins, that point will ‘sketch out’ a 
circle with a radius the same as the distance that the point 
is from the center. 


Is it OK to use that value for the radius, even if 
it’s not the radius of the wheel? 

Yes - in this context, the radius is the distance from 
the center of the wheel to the point you're interested in. 

Will x = r0 and v = rw only work if 0 and w are in 
terms of radians not degrees? 

Correct. If 0 is in degrees, then you need to work 
out what proportion of the circle’s circumference is 
included by dividing the angle by 360°， then multiplying 
by 277 to get the distance the point’s travelled. With 
radians, that’s already been done for you. 
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circular motion (part 1) 


You can increase the (linear) speed 
by increasing the wheel's radius 

If you have a wheel turning at angular frequency co, the 
whole wheel turns through the same angle in the same 
time. But parts of the wheel that are a greater radius from 
the center travel a greater distance in the same time, so 
have a greater speed, v 今 

This means that you can increase the maximum speed that 
your hamster trainer can cope with by increasing the radius 
of your wheel - without needing to change the angular 
frequency that it turns with. 

Wcv-c, v/cVc v as a stalav* -to 

mdida-tc 七 il’s "the siic of 七 he obje 匕 t’s 
velocity. The di\rc^*tioir> o( velocity 

all -the -time as -the wheel vo-tates. 


iVhccI has *tu\r^cd 
this 




object 

KAP 


is 3 
I US 灼 


the o*thc\r 


O^C- 


The object at 七 he 
lav-jev radius -travels 
a lav-jev- dis-ta^c 
the object a 七 

the smaller \rddius 

•m the same time- 
I leased v-adius 

mtv-cascd speed. 


I guess that u/s also kinda like an angular 
speed? Because it tells you the number of 
radians per second - like speed tells you the 
number of meters per second? 


Multiply tke 
linear quantity 
ty tke radius 
to get tke 
ecjuivalent 
angular quantity. 



rpen your pencil 


Yes - ui is sometimes called the angular speed. 

co is also called the angular speed, or sometimes the angular 
velocity, as it’s the “angular equivalent” of the linear velocity. 

Just as x and 6 are connected by the equation x = rG, v and co are 
connected by the equation v — rco. 

So, because of how radians work, if you have an angular quantity 
(like 6 or co) you can multiply it by r to get to its linear equivalent. 

Radius (me 七 evs). 

■ (radians) - 

™ ■ Cr ''a^julav- d*is*bar\dc , 

speed ^ ^ A^julav speed (vadia^s 

卞 pev sedernd) - also tailed 

Rddius (rwetevs). U ahjula\r -P\rc^ucr>dy W 


Lmcav- dista^c 

(mctc\rs). 


(meiev-s pev- sedond.) 







You have a motor capable 
of turning at 25.0 rad/s, 
and wish to train a hamster 
that runs at 3.00 m/s. 

What radius of wheel do 
you need to use? 
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bullet points 



your pencil 
Solution 


You have a motor capable 
of turning at 25.0 rad/s, 
and wish to train a hamster 
that runs at 3.00 m/s. 

What radius of wheel do 
you need to use? 


v 




rCO 

v . 

cd - 


1.00 


Z5.0 
O.l ZO m (i sd) 


quantity. 

Lx = 



Radius. 


r0 <:~~ 、 


Y 




A^julav- 

^uah-tity. 


With sprint training in a larger 
wheel added to their schedule, the 
hamsters are unbeatable, and win 
all of their races - including the 
Kentucky Hamster Derby! 


Multiply tke 
angular cjuantity 
ty tke ractius to get 
tke linear cjuantity. 



BULLET POINTS 


You can go from an angle, 6, to the 
distance something r from the center of 
the circle has travelled by multiplying by 
the radius: x = rd. 

You can go from the angular frequency 
to the speed that something r from 
the center of the circle is moving at by 
multiplying by the radius, v = rcu. 

■ The equation v 二 r ⑴ only gives you the 
size of the velocity vector, not its direction. 
That's why v is written as a scalar. 

w is also called the angular speed. This is 
the same thing as the angular frequency 
- radians per second. 
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circular motion (part 1) 



OK, so in the equation x = r0 y 
x and r are both distances, right? 
But that implies that 0 doesn’t have 
any units - even though I know that 0 is 
measured in radians! What gives?! 


Think of radians as a clarification 
of scale rather than as a unit. 

2jt is the ratio of a circle’s radius to its 
circumference. This ratio is a length divided 
by a length. 2jt is the answer to the question 
“how many times does the radius fit into the 
circumference?” The answer is a number of 
times. 2jt is a number - it doesn’t have units. 

It so happens that this ratio, 2jt, is very useful as 
a measure of how far something has rotated. 

To make it clear that you’re using 2 jt to represent 
turning, rather than a number (of elephants, 
monkeys etc), you can append the word ‘radians’ 
to it. So turning 2Jt radians is the same as turning 
a complete circle. The same applies to any other 
angle measured in radians. 

This means that when you’re thinking about the 
units of terms in an equation (doing dimensional 
analysis or units analysis), you should treat 
radians like a number without any units. 


Wken you’re tkinkingf about tke 
units ol tke terms in an equation ， 
radians are dimensionless so 
don’t kave units. 
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Question Cliwic: The "Awgular quantities" Question 




A^^ulav* -Pvc^uc^dy 
av\d air>^ulav- speed 
ave bo*tK *to do v/rth 
Ko>m -Pas*t somC*tKm^ 
is \ro*tatmg *m vadia^s 
pev- scdor>d. 


Any time somethings going in a circle, you re almost certain 
to have to deal with quantities such as angular displacement Q, and angular 
speed, uu. The main things to remember is that there are 2tt radians in one complete 
revolution and that the circumference of the circle = Zwr. This means you can work 
out that you get the linear quantity by multiplying the angular quantity (e.g. Q - 2n) by 
the radius, even if you forget the formulae x = r0 and v = ruu. 


Whccf is a buziv/ord *bha*b 
should gc*t you -bhmk'mj 
abou*t \ro't3*tioir\al motion. 


TVis <^ucsiioK> jives you -the diarwetev. Be 
^3V"C-Pul — dll o( youv c^uatio^s involve 
RADIUS, so youll tkttd 'to use d vdlue 
o( 10.0 dm ho*t 2-0.0 A 


，at angular frequency (in radians per second) does the 
(eel need to turn with to achieve this. 

Hnwmanv^volytigns per seconlis this equivalent to? 

d_ the wheehs = 二 er 

' 25 rad/s, what diameter would the wheel need to have in 

to achieve a speed of 3 krrs/h ? 


a. 


b_ 


TVis is a 

im 


Rcmcrwbcv- -that ihcv-c a\rc Zjt vadi 扣 s m c^attly 
I v-cvolution. /\sk youvscl-P y/hidh ^umbev- youVc 

-to be bijjcv- you do 七 he 乙灼 . 


you vc bcc^ wov-k'm^ wi*th a v-adius 
七 Wou#ou 七 . Make suv-c you ^ivc 七 hem wha 七 
•they asked -Pov-| _ 


One thing to bear in mind with this kind 
of question is whether it talks about the frequency 
- number of revolutions per second - or the angular frequency, 
aka angular speed which is the number of radians per second. As 
there are 2tt radians in one revolution you can convert from 
one to the other easily enough - as long as you pay attention 
to which units are involved in the first place! 



tf 1 






























circular motion (part 1) 




Radius 


The distance from the center to the edge of a circle. 


Circumference The distance round the outside of a circle. C = 2nr 


Frequency 

Period 

Radians 

Angular 

frequency 


The number of times something regular happens 
per second. 

The number of seconds it takes for something 
regular to happen once. 

An alternative way of measuring angles. There are 
2yt radians is one complete revolution. 

The number of radians per second. 

Also known as angular speed. 





一3 & 譯 M 3 
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physics toolbox 




Your Physics Toolbox 

You’ve got Chapter 16 under your belt and 
added some terminology and problem- 
olving skills to your tool box. 


pve' 叫 , tytles ^ev scto^d- 
Pcviod, T, is seconds 





J 




Rddlidi^s 

Radidhs are a >way mcasuv-m^ a^les. 
They arc cspcdially useful -for y/o\rk*m^ 
y/i 七 h dirdes. There arc 2 -Jt radians m 
I \revolu*tioh. Th'mk o*thev dholes'm 
*te\n^s of '-fradtiohs o-f 'ZjT- 


JT 


Jt 


TC 


r 

^3 K 




O, 1.71 




A^gula\r ^(Ve'uehdy av\d 

speed 

扣 -f\rc<\uchdy ahd a^\a^r s^ed 

have *thc same sizjc dhd both 
have Uhits Jc \radiahS ^ sedohd. 

They Ye exactly the same 七 hi% 

You dah get -f\rom -the ^c<\uchdy ; ^ 

•to ahgula\r ^c^cuy, CO , with 
the C'uatioh: 


0) 


l 7 t( 


Umcav- av\d a^jula^r 

You a^lc, 0, to 

|* mC ar distal) ^ ^ e'uaW 


% 




e 


You a^ular s f ccd, 

(0, -to -t^c Imcar Sfccd, v, 

Caua*t'loy \： 

^ v 二 ^(O 
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17 circular motion (part 2) 




Well, weve been dating for quite a 
while ... and I guess what I*m trying 
to say ... is ... Peggy Sue, darling, will 
you mar-^—^ 


WOW, A 
DANCING 
BADGER! 


Ever feel like someone’s gone off at a tangent? That s exactly what 

happens when you try to move an object along a circular path when there’s not enough 
centripetal force to enable this to happen. In this chapter, you’ll learn exactly what 
centripetal force is and how it can keep you on track. Along the way, you’ll even solve 
some pretty serious problems with a certain Head First space station. So what are you 
waiting for? Turn the page, and let’s get started. 


this is a new chapter 
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artificial gravity 


Houston... wg have a problem 

Astronauts at the Head First space station are 
threatening to go on strike. They’re fed up with floating 
around all the time. The astronauts want to be able to 
walk around the station just like they can on Earth. 

You’ve been called in to create artificial gravity for an 
add-on to the station... and keep those astronauts happy. 










circular motion (part 2) 


H an otject 
is in Ireelall: 
tke only lorce 
acting on tke 
object is its 
own weigkt. 


How can the space station be in orbit 
around the Earth when gravity attracts it 
towards the Earth? 


O 


The space station is in FREEFALL. 

The only force acting on the space station is the force of 

its weight - the gravitational attraction it experiences 
from the Earth. It’s not touching anything else, so there 
are no contact forces on it. And the lack of atmosphere 
means that there’s no friction either as it orbits the Earth. 


If an object is in freefall, then the only force acting 
on the object is its own weight. So the space station is in 
freefall. The same is true for the astronauts - the only force 
acting on each astronaut is that astronaut’s weight. 

But when the force of an object’s weight acts down 
towards the center of the Earth, how can the object 
possibly orbit the Earth by going around the Earth?! 




Suppose you fire a cannon. The 
cannonball is in freefall, because the 
only force acting on the cannonball is its 
own weight. So the cannonball follows 
a curved path as it falls and hits the 
Earth. 

+vcc+all — or^ly -rovdc 

。灼 darmo 朽 ball is i*U wei^ivt. 









Eavtii is -flat 


o 




Locally, the Earth appears flat, but it’s 
really round. If the cannonball is very 
fast or starts off very high, it goes further 
before it lands because the surface of the 
Earth curves away from the cannonball 
as it falls. .n 

IVhe 代 suHra 匕 e ol Eav-th 

would be i-f it was -flat. 

Eav-th is vou 灼 d，so 

darmonball ad*tually 50c 
and la^ds 


s 


If the cannon is high 
enough and the cannonball 
is fast enough, the surface 
of the Earth keeps on 
curving away as the 
cannonball’s flightpath 
curves down. The 
cannonball keeps on 
freefalling round the Earth - 
in orbit - just like the space 
station and astronauts. 


pov- a -tall “rmon ar\d 
speed ； darmor^ball 
-fvcc-falU -fovcvcv - ar>d 
ovbi*ts 



Cd^o^bdll is 
ov-bitm^ a^d is 
•m -rvcc^all boo- 





The astronaut is in freefall - the only force 
acting on him is his weight. So why does 
he feel weightless in the space station? 
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freef all 


Whew youYc iw freefalL objects 
appear to float beside you 

Suppose you’re midway through a parachute jump, but you 
haven’t opened your chute yet. If you let go of an apple as 
you fall, the apple will fall with the same velocity as 
you. It looks like the apple’s just floating there. 

Of course, if you’re doing a parachute jump, there are 
some clues that indicate that you and the apple are both 
falling. The Earth gradually looks bigger, and you can feel 
the wind rushing past you! 


you at\d apple av-c a 七 
same va*bc - so apple 

s*bays beside you. 




Apple’s 

velocity 


TKis time you 

da^*t see 仏 a 七 

you’ve 

because o( iiic 
bo%. So i\\t apple 
appeav-s *to -float 
*to you. 




The bo 乂 is also 

•Paling wrth "the 
same velocity 
- so you -Ploai 

av-our>d -the bo 乂, 


Apple’s 

velocity 


Box’s 

velocity 


Your 

velocity 


It’s the same for an astronaut in the space 
station. He’s continually falling around the 
Earth. So if he lets go of an apple, it floats 
around the space station rather than falling 
towards the ground. 

This makes it look as though the apple is 
weightless - and as though the astronaut is 
weightless. The astronaut is used to the force 
of his weight attracting him towards the 
ground. But here, the “ground” (the wall of 
the space station) is falling at the same rate as 
the astronaut 

This means that the astronaut can’t walk 
around the space station like he can on Earth. 
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But if you and the apple were in a soundproof 
windowless box, you wouldn’t have any visual or 
audible clues that you’re falling. The apple would 
appear to float next to you! And as the box is also 
falling at the same rate as you, you would appear 
to float around inside the box. If you pushed 
yourself up off the floor, you wouldn’t fall back 
down again like you would on Earth. 


ss 


丁 he s-fca-tioh is like a 

box that s m ^v-cc-fall. So 
cvc\ry-thih9 appeav-s -to -float 
a\rouhd ih -the spa^c station 

because cvc\ry-thihgs 心 ||” 

at the same \raie as it- 


Astronaut's 

velocity 


_§pace station’s 
velocity 



















circular motion (part 2) 


Whafs the astronaut missing, 
compared to when he's ow Earth? 

If an astronaut is in freefall, then he and the objects in the space station 
will appear to float around because everything’s falling at the same rate. 

But why does a dropped apple in an orbiting space station appear to act 
so differently from a dropped apple on Earth - when they’re both falling 
because of the force of their weight, as usual? And why isn’t it possible 
to walk around normally in the space station like you can on Earth? 

When you’re dealing with forces, always start with a free body diagram... 


For problems 

involving forces, 


always start witli a 
free tody ctiagram. 


— i^^rpen your pencil 


a. Draw a free body diagram of all the forces the b. Draw a free body diagram of all the forces an 

astronaut would experience while standing on Earth. astronaut would experience while in freefall. 


c. When you compare the free body diagrams in parts a and b, which force is missing? 


d. How does a person on Earth experience their weight differently from a person in freefall? 


e. How might you introduce a new force to compensate for the missing one you spotted in parts c and d, 
so the astronaut can walk around as he would on Earth? 
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contact force 



a. Draw a free body diagram of all the forces the 
astronaut would experience while standing on Earth. 


b. Draw a free body diagram of all the forces an 
astronaut would experience while in freefall. 


Normal / eorrtad 七个 

-fordc -from yrouhd. 



These tv/o -Po\rdcs av-c 
dnd m opposite 
div-cdtio^s, so 
y\o ^oYtt av\d you 
Aoy\{, atdclcv-aic. 



\y\ -fvcc-fall, or\ly 
-fovtc oy\ you 

is youv 


c. When you compare the free body diagrams in parts a and b, which force is missing? 

The as*bror\au*t m {ht spade s*ta*tioh doesn't d Coy\{^c{, -forde -from {ht ^rouhd. 


d. How does a person on Earth experience their weight differently from a person in freefall? 

They do〆 七 -fed d 七 -fovdc -from 七 he you^d — -thcyVc *m -fvcc-fall, a^d *thc o^ly -fordc 
■they C%pc\rier\de is *thei\r y/ci^lvt- This rmedr\s 七 *thcy v^lk around like *thcy ddh oy\ 
Ear 七 h, as you need a r\o\nr«al -forde *bo have -frid-tioh *bo walk like *thcy usually do. 


e. How might you introduce a new force to compensate for the missing one you spotted in parts c and d, 
so the astronaut can walk around as he would on Earth? 


Newtons Zhd law is P 二 ma. ^o\a dould make *thc astv"Ohau*t e%pcv-icr\de d force by 
addclcratm^ spade station. 



Dumb Quest! 


ons 


So why do we need artificial gravity 
when the space station still feels the 
effect of the Earth’s gravity? 

If you're in freefall, you feel weightless 
because you - and other objects - appear to 
float around, as they’re not going anywhere 
with respect to each other. 


But you still have a weight, right? 

Yes - just like someone doing a 
parachute jump still has a weight. It’s the 
force of their weight that makes them fall! 


6 \o batk ar\A look a*t *tKc *fivs*t 
Wc*iOiii*tBo*tdiiCV-s madil'mc m 
tKap*tcv II i-r you vc Y\oz suvc 
Y/ liy tills is. 


So why is someone in freefall 
called “weightless” when they have a 
weight? Isn’t that confusing? 

Yes, it is confusing! “Weightless” is 
an everyday way of saying that they aren’t 
experiencing any kind of contact force 
from a surface as a result of their weight. If 
the person had scales under their feet, the 
scales would read zero. 
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circular motion (part 2) 


Caw you mimic the contact 
force you feel on Earth? 

The difference between standing on the 
ground and freefalling is the contact force 
that the ground exerts on you. This is the 
force that the astronauts want to experience. 

If you can make each astronaut experience a 
contact force equal to the size of his weight, 
as he does on Earth, he should be able to 
walk around the space station just like he can 
on Earth. 

But how can you make someone experience 
a contact force like this? 


0y\ you 

youv >wci^*b bc^3usc o-f 

七 iVis (orU- 


ct 


Contact 

force 


入 


Weight = mg 


lr\ -Pvcc-fall, the ohly 
(oY'tt oy\ you 

is youv v/cijht 




人 



Weight = mg 


On Eartli, you experience 
your weigflit tecause oi a 
contact lorce from tke g[rounct. 


^harpen your pencil 


The key is -to dose youv* 
eyes a^d ask 'WHAT VO I - 

rBBL PUSHI^ OH /WE?" 飞 


Imagine yourself in these scenarios. Draw the contact force you experience in each situation as a result of 
the acceleration, and write down what you FEEL. For instance, "Something’s pushing me in the back.” 


Train is sitting 
still, then 
accelerates to the 
right as it pulls 
out of a station. 




Train is moving 
to the right, then 
decelerates to a 
stop as it pulls 
into a station. 




Does this give you an idea about how you might make the astronaut experience a contact force from the 
inside wall of the space station that would feel similar to the one he experiences on Earth? 
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imagine yourself 



Imagine yourself in these scenarios. Draw the contact force you experience in each situation as a result of 
the acceleration, and write down what you FEEL. For instance, "Something’s pushing me in the back.” 


Train is sitting 
still, then 
accelerates to the 
right as it pulls 
out of a station. 


The ba^k 
sea 七 is 
oy\ me. 



The sea*tbcl*t 

is digging 
*m*to me. 








All passc^yv-s av-c 
y/eavmg scatbclis. 


Train is moving 
to the right, then 
decelerates to a 
stop as it pulls 
into a station. 





The sca*tbcl*t 

is digging 
irrto me. 



The badk 
■the seat is 

oy\ me. 


Does this give you an idea about how you might make the astronaut experience a contact force from the 
inside wall of the space station that would feel similar to the one he experiences on Earth? 

dould -the spade station. Tha*t y/ould make {\\t astv-o^au-t a 

-fordc - like I do a tram addelerates. a\ , r . , , , ^ 

. 1 + you autWait \i ai ^ this 

_ (o^rU will be c^a^tly the sdme 

siic as the Ohc he c>cpc\richdcs oh Eav-th- 



I can imagine the seat pushing into 
my back when a train accelerates. But 
why does that happen? 

Newton's 1st law says that an object 
will continue to move at a constant velocity 
unless it's acted on by a net force. If you 
were sitting on the platform, the fact that the 
train is accelerating wouldn’t affect you, as 
there’s no contact between you and it. 

But because you’re sitting on the train, the 
back of your seat is able to mediate a net 
contact force that causes you to accelerate. 
You feel the seat pushing into you. 
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How large is the contact force? 

Newton's 2nd Law says that F = ma. 
You can work out the size of the contact 
force from your mass and your acceleration. 

How can I make the astronaut feel a 
contact force? 

If you accelerate the space station 
upward, the astronaut will experience a 
contact force from its wall because he is 
inside it- just like you do when you’re on 
the train. 

|h the o( -fovdes, 

rwcdiatc ， medhS '-tvahSrwi-t^ 


Why will accelerating the space 
station mean that a dropped apple will fall 
like it does on Earth? 

The apple will continue at the velocity it 
already had (Newton’s 1st Law), as there is 
no contact force on it while it is falling. 

Meanwhile, the space station will accelerate 
up to meet it at a rate of 9.8 m/s 2 . So if 
you're in the space station, it feels like you’re 
on Earth (because of the contact force you 
experience), and it looks like you’re on Earth 
because objects accelerate towards the 
ground at the same rate. 


































circular motion (part 2) 


Accelerating the space station allows 
you to experience a contact force 


If you lie on the ground with your 
eyes shut, you can feel a contact 
force from the ground pushing 
into your back. 



If the train pulls away from the 
station with an acceleration of 
exactly 9.8 m/s 2 , then you would 
feel exactly the same size of 
contact force as you do when you 
lie on the ground. 


Tvam 

-fvom Ic-ft 
*to V" 吵七 . 



So if you accelerate the space 
station at a rate of 9.8 m/s 2 , the 
astronauts will experience the 
same size of contact force as they 
usually experience when they’re 
standing on Earth. This creates 
the artificial gravity that the 
astronauts want! 



But how practical is this? 


Doh ； -fe be ih-tirwida-ted — 
by the •fiv-S't -fou\r 
wo\rds o-p this pv-oblcrw/ 

a. Einstein’s Theory of Relativity says that nothing can move 
faster than the speed of light, 3.0 x 10 8 m/s. If you accelerate a 
space station from rest at a rate of 9.8 m/s 2 , what time would it 
take it to reach a speed of 3.0 x 10 8 m/s (assume for a moment 
that this is possible and there are no relativistic effects)? 


b. What distance would the space station cover in that time? 


c. The distance from the Earth to the Moon is 4 x 10 8 m (1 sd), 
and the distance to the edge of the Solar System is 5.7 x 10 12 m. 
How does the distance you worked out in part b compare? 


d. How practical do you think this idea is for creating artificial gravity 
in a space station? 
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impractical linear acceleration 


%^hdrpen your pencil 

Sobtion 


a. Einstein’s Theory of Relativity says that nothing can move 
faster than the speed of light, 3.0 x 10 8 m/s. If you accelerate a 
space station from rest at a rate of 9.8 m/s 2 , what time would it 
take it to reach a speed of 3.0 x 10 8 m/s (assume for a moment 
that this is possible and there are no relativistic effects)? 


v 


o 


- 0 n \/s 
V =1 5.0 X IO e m/s 
a 二卞 0 nx/s Z 


—k ou 七七 + at 

Butv -0 


o 


? 




? 


1.0 X IO e 
二 ’0~ 

t =i ^.1 x \O n s Cl sd) 


a 


o 


b. What distance would the space station cover in that time? 

Work ou*t ^ : 
x 二 + v 0 七 + V^a*t z 

% =1 O + O + 0.5 x ^.0 x (i.l x lo 1 ) 1 

y. =i 午 .7 x I 0 1 、 （Z sd) 

c. The distance from the Earth to the Moon is 4 x 10 8 m (1 sd), 
and the distance to the edge of the Solar System is 5.7 x 10 12 m. 

How does the distance you worked out in part b compare? 

This dis*bdhde is dvouhd \0 million times g\rca*tcv- *th 扣 *thc 

Ear 七 h-Mooh dis-ta^dc a -thousand -ti^cs g\rca*tcv 七 

edge of -the Solar Sys-tcm. 

d. How practical do you think this idea is for creating artificial gravity 
in a space station? 

Its 灼。七 pv-ad*ti^al because i*t’s ho 七 possible 七 。 sustaih i 七 -for a 
^ood o-f a^d you tv\d up very -fav away -fv-om *the 

Ear 七 h. I 七 vvwAsi -bake a lo*t -fuel -boo. 



It’s (theoretically) possible to 
make the astronaut experience 
a contact force similar to the 
one he experiences on Earth by 
accelerating the space station 
along a straight line at 9.8 m/s 2 . 

But it’s not practical. It’s 
impossible to do this indefinitely, 
since the space station can’t go 
faster than the speed of light, 
you’d run out of fuel, and you’d 
wind up a ridiculously long way 
away from the Earth. 


L'mcav u alor^ ’ 

a s*brai^vt I’me. 


So if linear acceleration isn’t 
practical, what might another 
option be? 
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circular motion (part 2) 


So if we can’t accelerate the space 
station linearly, what can we do?! 


Jim: I wonder if there’s another way of experiencing a contact 
force, apart from accelerating or decelerating along a straight line? 

Joe: Hmmm ... what about those carnival rides where you go 
around in a circle? You kinda feel the side of the car pushing on 
you when they spin really fast... 

Frank: You feel the side of the car pushing you, so there must be a 
contact force. But where does it come from? 

Jim: Yeah, it’s not like the ride gets faster and faster. It spins at the 
same rate, so you keep going at a constant speed, yet you still feel 
this contact force from the side of the car. How can you feel a force 
if your speed is constant - doesn’t that break Newton’s 1st Law? 

Joe ： But the direction you’re traveling in is changing all the time. 
That means your velocity is changing, even though your speed is 
constant. Velocity is a vector. Newton’s 1st Law says that you move 
with a constant velocity unless there’s a force acting on you. 



O. ^ 




Frank: So I guess the contact force changes your direction of 

travel - which changes your velocity - so causes you to accelerate. 

Jim: But where does the force come from?! It’s not like there’s a 
train engine sitting behind you making you accelerate! 

Frank: Well, you’re thrown to the outside of the ride, aren’t 
you? So there must be some kind of mysterious force pushing you 
outwards that’s only there when you’re spinning. 

Frank: Hang on! When you’re thinking about contact forces, 
you’re meant to shut your eyes and ask, “What do I feel pushing 
on me?” And when I do that, I feel the side of the car pushing me 
inwards, not a 'ghost force’ pushing me outwards. 


II a contact iorce is 
acting on you ，you can 
feel tke direction it’s 
pusliing you in. 


Jim: But you slide kinda outwards across your seat before you make 
contact with the side of the car. If there isn’t a force pushing you 
outwards, then why does that happen?! 

Joe: If the side of the car wasn’t there, you’d go straight on and fly 
out of the car. You only go in a circle because of the contact force 
from the side of the car pushing you inwards. 

Frank: Ah ... you mean that sliding outwards feeling is just you 
continuing on at your current velocity (Newton’s 1st Law) before 
you make contact with the side of the car - which exerts a force on 
you that lets you move in a circle? 



Can you imagine yourself 
in the spinning carnival 
ride and the contact force 
acting on you? 
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centripetal force 


You caw only go m a circle 
because of a centripetal force 

Newton’s 1st Law says that you continue with a 

constant velocity unless there’s a net force acting 
on you. In other words, you keep on going at the 

same speed in the same direction. 


H you’re going around in 
a circle, your speed may 
stay tke same ， l>ut tke 
Jirection oi your velocity 
vector ckanges. 


|-f -tKcvc^s y\o -fovtc Y ou ， 

you jus*t keep oy\ W\{}\ *tKis vclo6*ty* 'n 

心 / 


A 


o 


o 卜 






Rotatm^ 

^dV-^Wdl V-'ldc 


o 


/ 

/, You actually v/md up hc\rc y/i*th s 
一 ^ di-P-fcvch-t vdodity, so theve must 
be 3 灼 ei -Povdc adtmg oy\ you. 


If you’re going around in a circle, your speed may be 
constant, but the direction of your velocity is certainly 
changing! This means that a force must be acting on 
you in order to make you go around in a circle - and 
stop you from going off along a straight line with the 
velocity you already have. 


A force that allows you to go in a circle like this is called 

a centripetal force. 



Err ... I can walk in a 
circle without needing a 
centripetal force to do it! 


When you walk in a circle，the centripetal 
force is provided by friction. 

Centripetal force is the name given to a net force that 
allows you to change the direction of your velocity 

so that you follow a circular path. Depending on the 
context, centripetal force can be provided by a number 
of things. 


tween 
L wouldi 


You’re able to walk because of the friction bet\ 
your feet and the ground. Without friction, you wouldn't 
be able to change the horizontal component of your 
velocity at all. You couldn’t speed up. You couldn’t slow 
down. And you couldn’t change direction to follow a 
circular path. So in this case, friction provides the net 
force that enables you to follow a circular path - the 
centripetal force. 


II tke net iorce 
acting on you 
ckanges tke 
efirection ol your 
velocity so tkat 
you travel in a 
circle, it’s called a 
centripetal Iorce. 
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circular motion (part 2) 



Dumb Quest! 


9ns 


Is centripetal force another 
category of force to add to a contact 
forces and gravitational forces? 

No, not at all! Centripetal force is the 
name given to the net force when it enables 
you to follow a circular path instead of 
continuing along a straight line. 

So if a force is able to change my 
direction, it might be able to provide a 
centripetal force? 

Yes, that’s a good way to think about it. 


Where does a centripetal force 
come from? 

The centripetal force required for you 
to follow a circular path may come from any 
source at all. It might be a contact force. It 
might be a frictional force. It might be a 
gravitational force. 


So it’s not a “ghost force” that 
magically appears from nowhere? 

That’s right. If you draw a free body 
diagram of an object moving around in 
a circle, then the net force will be the 
centripetal force that causes the circular 
motion. 

Q/ Which direction does the 
centripetal force act in? 

You’re about to figure that out... 


— your pencil 


Tip: Pva>w \ y \ 七 he irddius c^P 

-rv-om -the dchicv o*t eadh 
po'mt The velocity ved-tov y/ill be 
ai °{0 o -to -the vadius. 



/ 


a. Draw the velocity vector at each of the points marked with an 
'x' on the ride. Assume that the ride is rotating with a constant 
angular frequency. 

b. In a different color, draw in the left-right and up-down 
components of the velocity vectors you drew in part a. 

c. Describe how the velocity components have changed from one 
'x' to the next. At each of the points marked 'o', draw in a vector 

. representing a force that may have caused these changes. 

ttiht the 

divcdtioh o( 

-Povtc may be 
dhahjmg as -the 
\ridc vota-tes. 

d. Which direction do you think the force vector will e. What is the source of this centripetal force 

point in for other positions on the ride? that enables you to move in a circle? 
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what contact force? 


(parpen your pencil 

Solution 



a. Draw the velocity vector at each of the points marked 
with an 'x’on the ride. Assume that the ride is rotating 
with a constant angular frequency. 

b. In a different color, draw in the left-right and up-down 
components of the velocity vectors you drew in part a. 

c. Describe how the components have changed from one 
snapshot to the next, and draw in a vector representing 
a force that may have caused these changes. 

Between 七 he Is 七 and shapsho*ts, 七 he dovm 

^o*t larger dhd vi^lvt d 

bi 七 smaller. So {ht mus*t be dovm dhd 

(wi*th more dovm) 

Between 七 he Zhd dhd ^vd sr\apsho*ts, 七 he ri^lvt 

hds disdppedred dhd *the dovm domfoherrt 
has ao*t 3 bi*t lav-^c\r. So ^orCt mus*t be dovm 

dhd le^f 七 （ wi*th more \thi 

d. Which direction do you think the force vector will 
point in for other positions on the ride? 

I *tlVmk *the -fordc vcd*to\r will always pom 七 
toy/avds *thc of *thc dirdlc* 


e. What is the source of this centripetal force 
that enables you to move in a circle? 

The Co}r\{^t{, -fordc of *thc ou*tsidc 
wall o-f {ht C^c *m oy\ me. 


|Vs 0^ i-f you said u *t^c 

avm i\\ai 50 CS 七 ^ 

dav- dr>d tty\{,cc , as 
c%cv*b dcr\*tv-ipc*tal 
(oru s*tops i\\t dav- 

-fvom o*f*r alor\^ 3 
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The -Pov-dc y^ccds h> have a 

lav-jc doy/^ 乙 ompo 竹 errt dhd 
d small le^P 七乙 oi 明 po 灼 e>vt to 

have made -this 





一 〆 


Centripetal iorce 
acts towards tke 
center oi tke circle. 



Always think “what contact 
force do I feel pushing me?” 

The reason you slide towards the outside 
is that you want to keep on going in the 
direction you’re already going in. That’s 
Newton’s 1st Law. 

But the side of the car stops you from 
going any further and pushes you towards 
the center. This is where the centripetal 
force that makes you go round in a circle 
comes from. 

Being thrown to the outside is an illusion. 
There’s no force moving you in that 
direction -just your own momentum. 



























circular motion (part 2) 


Centripetal force acts towards 
the center of the circle 

If you’re sitting in a rotating carnival ride, you experience a 
centripetal force, F c , towards the center of the ride. This is the 
force that enables you to continue traveling in a circle, instead of 
continuing at a constant speed in the same direction as you would 
if there was no force (Newton’s 1st Law). 

In the carnival ride, the centripetal force is provided by a 
contact force from the side of the car - you feel the side of the 
car pushing you towards the center of the circle as you go around.. 



Mih y\o (orCc, 
you -Pol low -this path- 





, Bu*t OY\ the 

' \ridc you -follow 

-this 


You a 於七 

(orCc pomtma -towav-ds 
•the the 


Cc^-t\ripctal -Pov-dc is alv/ays 
pv-ovided by 七 he 灼 et \oyU or\ youv- 
-rv-cc body did^irdnr (- Othcv-y/isc 
you’d jus-£ 50 along a s-tv-aijh-t Ime. 


or\Ct youVc \y\ 

CONTACT W\{\\ -the 

side o( -the 

the Coy\{^t{, -Pov-dc 乙 a 的 

pv-ovidc a ⑽ ■bripetal 
-rov-dc 七 ha 七 makes you 
-Pol low b ^ivdulav- path- 


Ive heard of centrifugal 
force before. Is it another 
word for centripetal force? 



“Centrifugal force” isn’t a force. 

“Centrifugal force” is the name commonly 
given to the sensation of being thrown to 
the outside when you’re in something that’s 
rotating (e.g., a centrifuge). 

But as you’ve just learned, what is often 
referred to as centrifugal force isn’t a force! 
It’s just you continuing at your current 
velocity in the absence of a net force. 

Never EVER talk about 


f centriiugfal iorce •” 


div-dlc 

youv- vclodi-ty. 


O 






How can you use what you’ve figured out 
about centripetal force to help the astronauts? 
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rotate the sfaf/on 


The astronaut experiences a contact force 
when you rotate the space station 

You can rotate the space station just like you rotate the carnival 
ride. Each astronaut will experience a centripetal force acting 
towards the center of the space station. This will be mediated by the 
contact force between his feet and the side of the space station. 

This will feel similar to the contact force he experiences on Earth. ^ 

As there’s now a contact force, the astronauts will be able to walk 
around like they can on Earth - and won’t go on strike! 


tKereicire no ^ 

Dumb Questions 


Ccr>*t\ripc-tal -fov-dc 
oy \ as*t\ror\au*t 
domes -pvom wall 
o-f spade s*ta*tior>. 


As-tirohaut would ^ohiihuc 
with velocity v i-f -fchc 

wall waWt thcirc. 

V ► 




So anything that’s rotating is 
subject to a centripetal force? 

That’s right. If the centripetal force 
wasn't there, the thing wouldn’t rotate - it 
would travel along a straight line at its 
current speed. 

So why didn’t the hamster running 
in the wheel in chapter 16 experience a 
centripetal force? Or did it? 

Was the hamster rotating? 

No ... the hamster stayed in the 
same place, and the wheel rotated as its 
feet pushed it along. I guess the hamster 
didn’t experience a centripetal force. 

Yeah, that's right. 

But the wheel’s rotating, so the 
wheel must experience a centripetal force 
- yes? But how? The outside of the wheel 
isn’t in contact with anything! 

Centripetal force doesn't always have 
to be provided by a contact force from the 
outside. All you need is a force that points 
towards the center of the circle. 


So I guess the struts in the hamster 
wheel are mediating the centripetal force? 

Absolutely! If one of the struts broke, 
and part of the outside of the wheel flew 
off, then it wouldn’t be moving in a circle 
anymore. The broken part would fly off along 
a straight line at a tangent to the circle with 
whatever velocity it had when it became 
detached. 

That’s Newton’s 1st Law, right? 

Yep. It's also how hammer throwing 
works at the Olympics. The athlete spins 
round and round with the heavy ball on the 
end of a chain, then lets go. Without the 
centripetal force provided by the athlete 
pulling on the chain, the hammer flies off in 
a straight line. 

II tke centripetal 
iorce disappears 1 , 
you’ll gfo oil at a 
tangent to tke circle. 


Yeah, I’ve seen that before. So are 
you saying it’s the same in the space 
station? If you rotate the space station, 
you’re giving the astronaut the potential 
to go flying off into space if a door 
suddenly opens or something? 

That’s right. If the astronaut didn’t 
experience the centripetal contact force from 
the side of the space station acting towards 
its center, he would go along a straight line. 

Hmmm. I guess there must be a 
centripetal force acting on the space 
station for it to have a circular orbit 
around the Earth in the first place? 

Great spot! You’ll be learning all about 
that in chapter 16. 

So I guess I need to work out how 
fast I need to rotate the space station to 
produce a centripetal force of mg, like an 
astronaut would feel on Earth? 

Let’s look at that now... 
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circular motion (part 2) 


What affects the size of centripetal force? 

Newton’s 2nd Law tells you that the 
centripetal force the astronaut experiences 
will be equal to his mass x acceleration: 

F = ma The -fovdc defends 

oy \ -the dcr>*tvifc*tal addclcv-a*tio^. 


You dah y/\ritc this bemuse 
\ ^ ^Ch-tiripctal -Pov-^c is the 

^ ^oyu -that causes the 
^ht\riprtal a^ficlcvatioh. 


The acceleration that the centripetal 
force causes is called centripetal 
acceleration. Acceleration is the rate 


of change of velocity and points in the 
direction of that change: 

Av 


a 




The dchtv-ipctal addclcv-atioh 
depends oy\ vatc o( 
thahjc of vclodi-ty. 


r~|j^rpen your pencil 


You want the centripetal acceleration that the astronauts 
experience to be equal to 9.8 m/s 2 . This makes the contact 
force each astronaut experiences in the space station the same 
size as the contact force he experiences on Earth. 

But what affects the size of the centripetal acceleration? If you 
can work that out, you can get an equation for the centripetal 
acceleration and stop the astronauts going on strike! 


Y is *tv/i 匕 c *thc 


^7 ^ 、 Pods s*tav-*t hcv-c. 


The equation 
-pvom dhapteir 
I 厶 shows you 
whai happens 


The sketch here could either be of a carnival ride or a 
space station - imagine it in the way that seems most 
natural to you. There are two 'pods' attached to the 
circle, one twice as far from the center as the other. 


"to v you 

vavy v- CO- a. Bearing in mind that v = rco, draw in velocity 

vectors for the two pods at each position shown. 


b. Which pod experiences the larger change in its 
velocity between the two positions? 




c. Which pod experiences the greater centripetal 
acceleration between the two positions? 


d. Can you think of another way of increasing the 
centripetal acceleration that the pods experience 
(assuming each pod’s radius is fixed)? 
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larger radius = larger centripetal acceleration 



The sketch here could either be of a carnival ride or a 
space station - imagine it in the way that seems most 
natural to you. There are two 'pods' attached to the 
circle, one twice as far from the center as the other. 

a. Bearing in mind that v = rcj, draw in velocity 
vectors for the two pods at each position shown. 

b. Which pod experiences the larger change in its 
velocity between the two positions? 

Pod Z (oy\ ou*tsidc) lids 七 he m 

velocity because its velodi-ty vectors arc larger, 
bu*t iy\ dircd*tioh is *thc sBmnC 


Tyj\ 6 c the v-adius 



c. Which pod experiences the greater centripetal 
7 acceleration between the two positions? 

A^clcva*tioh is ra*tc of of vclodi*ty* So 

pod Z has 七 he yeates-t dcr\*tvipc*tal adddcv-a*tior\ 
s\Y\tt i*t has -the gv-ea*tcst m velodi*ty- 


d. Can you think of another way of increasing the 
centripetal acceleration that the pods experience 
(assuming each pod’s radius is fixed)? 》 

Spm 七 he spade station wi*th a -fas-tev- CO -to 
mdrease all 七 he velocities (as v =• rco). 


WlcVc y\o{, looking (or by\ equation -fov the 乙⑼ *bripc*tal a^^clcv-atio^ 
ye 七一 jus*b wov-km^ out v/hi 匕 h variables i*t must depend oy\- 


0) is the number of radians per second, co can be called 
the angular frequency, or the angular speed. It 

is also sometimes referred to as the angular velocity, 
with the understanding that when the variable is 
written as a scalar, oj, it only refers to the size of the 
angular velocity, and not its direction. As we will often 
be moving between v, the size of the linear velocity and 
co, we will often refer to co as the angular velocity to 
make the connection clearer. 


defends ov\ bo*tV^ *tV^c v-adius 
av\d *bV^c a^julav vclo6*ty, as 
bo*bK 

vale o-f cMav\y vclodity. 


For tke same angular 
velocity, a larger 

RADIUS means a larger 

centripetal acceleration. 


For tke same radius, a 

larger ANGULAR 
VELOCITY means a larger 

centripetal acceleration. 


680 Chapter 17 




























circular motion (part 2) 


Spot the equation for the 
centripetal acceleration 

A larger centripetal acceleration is required 
to move something in a circle when the radius 
is large, and when the angular velocity is large, 
because the rate of change of velocity is larger 
in both cases. 

Deriving the equation for the centripetal 
acceleration from scratch is tricky and doesn’t 
really help your understanding of the physics. 

So instead, spot the correct equation by trying 
out extreme values and looking at its units. 


Ckeck an 
equation ty 
tkinkingf about 

EXTREMES 

and working 

out its UNITS. 


You’ve &oY\t 
ihis kmd o( 
j bc-Po\rc, 


do " 七 v/ovvy/ 


Equation ID Parade 


Here are six equations that all claim to be a formula that gives you the size of the centripetal acceleration of 
something rotating with angular velocity co at radius r. 


Annotate the equations to explain what will happen if r gets much bigger, or if u gets much bigger. Use this 
information to cross out any equations that don’t behave as you would expect them to. 


For your remaining equations, check that the units on both sides are the same. This should leave you with just 
one equation. (Remember that radians are dimensionless.) 



C 


- TKcsc a\rc all stalav e'uaWs as 
wcVc only -balk'm^ about 
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equation id parade 


Equation ID Parade - 

SOLUTION 


Here are six equations that all claim to be a formula that gives you the size of the centripetal 
acceleration of something rotating with angular velocity u at radius r. 


Annotate the equations to explain what will happen if r gets much bigger, or if co gets much bigger. 
Use this information to cross out any equations that don’t behave as you would expect them to. 

For your remaining equations, check that the units on both sides are the same. This should leave you 
with just one equation. (Remember that radians are dimensionless.) 


3 yts smaller as co 

So -this is y/\roh^. 

‘ -c Ul 

larger as co v- 
ge 七 laryr. So dhedk u^iis. 




a gets smaller as r 

So -this is y/\roy\^. 




gets larger as co a^d r 
lavgev. So dhcdk ur\iis. 




yts s^allcv- as v yts 
bv-^cv-. So *this is Y/\roh^. 


RttS ： Ur\i*b =• x |/s 
二 m Z /s 
hloi uhi*ts of addclcra*tioy\. 



RttS ： Ur\its =• m X /s z 
二 m/s z 

Ur\i*b o^- addclcv-a*tioh^ 



jets smaller as ⑺ gets 
la\rgc\r. So 七 his is y/\roh^. 


thereicire no o 

Dumb Questi9ns 


Radians av-c 
dirwensicmless, 
"the ur>i-ts of 
(JO 3\rc I/s. 


I got the equation ‘a = rw 2 ’ from 


the parade. Why doesn’t the equation for 
‘a c ’ have V in it, when acceleration is rate 
of change of velocity? 


Remember that v - rco. So you can 
make a substitution for the l co' in l a = rco 2 ' to 

c 

express it as an equation that involves v. 


co is tke rate 
oi ckange oi 
tke angle 6. 


Q/ OK... sol make that substitution 

and get the equation a c = r . But that 
can’t be right! a c should get larger as r 
gets larger. But you’re dividing by r, so a c 
would get smaller as r gets larger. 

But when r gets larger, v gets larger 
as well, because v = rco. And because the 
velocity is squared, the v 2 on the top of the 
fraction gets larger more rapidly than the r 
on the bottom of the fraction. So overall, a 
still gets larger as r gets larger. 


But what if r = 0 in a c = r ? Tm 
not sure I know how to divide by 0! 

It’s easier to look at the other form of 
the equation, a c = rco 2 . If 厂 = 0 then a c = 0. 

Isn't acceleration is usually a 
vector? Why is a c = rw 2 a scalar equation 
gives the size but not the direction? 

The centripetal acceleration vector 
always points towards the center of the 
circle, so its direction is always changing. 

To avoid getting muddled up with direction, 
we’re just dealing with scalar equations for 
the size of the acceleration. 
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ftive the astronauts a centripetal force 

The equation for the size of the centripetal acceleration is a c — rco 2 . 
The vectors a. and r are always in opposite directions, but because 
the space station is spinning, we’re using a scalar equation. 



circular motion (part 2) 

though v- av-c \y\ 

opposite dilrcdtiohs, theiv- diwtiohs 
always dhahgihg because ike 

spa 以 s-fca-tioh is spihhih^. 


Siz^ of 


Radius 



CO 


Newton’s 2nd Law is F net = ma. The centripetal force is the 
net force that must be present for an object to follow a circular 
path. A substitution gives you the size of the centripetal force: 

Mass 

mrcu 2 



Siz^ of 

乙 c 灼 *bnpc*tal 

force C 





— your pencil 


|*t’s ^ood *to 
appv-ctia*bc -the 
div-c^tioir\s o-f *thc 
vc^*tov-s •bhoujh 
the c<\ua*tio^ or\Yj 
deals with the s'izjCS. 


Cl) 



IS 


displacement 
o( *thc 

F pom*U 

*towav-ds *thc 
Ctr^t^r o-f 
*thc Girdle- 



We’re designing a spinning module for the existing space station, so that the astronauts can walk around. Two 
design candidates are cylinders with the same volume, but radii of 10.0 m and 100 m respectively. 

a. Calculate the angular velocity required to produce a centripetal acceleration of 9.8 m/s 2 for (i) the 10.0 m 
radius module and (ii) the 100 m radius module. 


CO 匕 an be tailed 
a^julav 

a^julav speed oy 
a^julav- vdodi-ty/ 

I 七 ’s always \radians 
pem sedo^d. 


b. If a door in the space station opened, and the astronaut went through, what velocity (size and 
direction) would he travel AT if he'd been in (i) 10.0 m radius module and (ii) the 100 m radius modules? 
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in search of floor space 


(^Sharpen your pencil 

Solution 


We’re designing a spinning module for the existing space station, so that the astronauts can walk around. Two 
design candidates are cylinders with the same volume, but radii of 10.0 m and 100 m respectively. 

a. Calculate the angular velocity required to produce a centripetal acceleration of 9.8 m/s 2 for (i) the 10.0 m 
radius module and (ii) the 100 m radius module. 

(ii) 



tt' 

F 

t 

二 Ttfc(X) 

joh: 

F 

t 

— ma 

t 


a 

t 

二 rCO z 


CO 

V 

• 


mrCO 1 ⑴ For 10.0 m radius ： 


Fo\r lOO m radius ： 


CO 




CO 




CO — O.^O rad/s (i sd) CO ― 03IZ rad/s (i sd) 


b. If a door in the space station opened, and the astronaut went through, what velocity (size and 
direction) would he travel AT if he’d been in (i) 10.0 m radius module and (ii) the 100 m radius modules? 

(i) For lO O radius: (ii) For lOO m radius: He’ll keep oy\ wi*th 

m 二 yO ) 二 10.0 x 0.°f\0 v =i =i lOO x 031 i velocity he 


v 二 ^ m/s (i sd) 


v 二 H 3 n\/s (3> sd) 


The astronauts want as 
much floor space as possible 

The two space station module designs have the same 
volume (90000 m 3 ) and need to be spun at similar 
angular velocities to produce the same centripetal 
acceleration. The 10.0 m radius space station needs to 
be spun at a rate of 0.990 rad/s and the 100 m radius 
station would be spun at a rate of 0.313 rad/s. 

How are you going to choose between the two competing 
designs? The astronauts can help. They want as much 
floor area to walk around on as possible. They really 
feel the need to stretch their legs and get some exercise 
when they’ve been in the space station for a while! 


already had ； a-b a / 

bo -the plade he ou*t C 
o-f 七 he spade station. 


Tke velocity vector is 
always at a tangent 
to tke circle. 






Which space station do you think 
will have the most floor space? 
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circular motion (part 2) 


So, how do we work out each 
space station^ floor area? 


Frank: Well, duh, the 100 m radius space station must have a 
bigger floor area than the 10.0 m radius one, as it’s a bigger circle! 

Jim: I’m not so sure. The floor is actually the side of the cylinder, 
not the circular part at the ends. 

is 

duv-vcd su\r-fa^C 
o-f s^att station. 



Frank: Ohhh ... good point. So how are we gonna do that? I don’t 
think I know how to find the area of a curved surface! 


Joe: Well, let’s think this out. If we unroll the cylinder into simpler 
shapes what would they be? 



Jim: OK, the cylinder’s 
basically a circle at each end 
and a rectangle rolled around 
them. And we know how to find 
the area of a rectangle - job 
done! 

Frank: Hold up ... how do we 
figure out the lengths of the 
rectangle’s sides? We need those 
to calculate its area. 



Floov- a\rea is 
o-p this 


These sides av-c 


0 (^ __ same as 


Jim: Well, one of the sides is easy - 
it’s the same length as the circumference. 

But there’s no mention of how long the other side is for either of 
the space stations. Houston, we have a problem! 

Joe: We DO know that each space station has the same volume 
- 90000 m 3 . When something has straight sides and identical ends 
(like a cylinder), its volume is area of base x height. So we can use 
that to work out the height? 


H you’re 
calculating tke 
surface area oi a 
3D skape, imagine 
’unrolling” tke 
skape so tkat tke 
surfaces are Hat. 


Jim: That seems right... but the base is a circle. Which means we 
need to calculate the area of a circle. That’s gotta be tricky ... 
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work out the volume 


Here, the floor space is the area 
of a cylinder's curved surface 

The astronauts want the design with the larger floor 
space - which means that you need to calculate the area 
of the curved surface of each cylindrical space station. 

If you’re calculating a surface area, it’s best to 'unrolF 
the shape so that the surfaces are flat. When you do this, 
the curved surface becomes a rectangle. That’s great, 
because you already know how to work out the surface 
area of a rectangle: width x height. 

One side of the rectangle is the same length as the 


Ploov 3\rcs is artB 
o( this 


Weight 

depends oy \ 

volume 

tylmdcir. 



is same 3s 



Width 


circumference, and the other side is the height of 
the cylinder - so far, so good. But you don’t know the 
cylinder’s height, only its volume. 


If you work out the volume, you caw 
calculate the astronauts' floor space 

If you have a 3D shape - like a cube or a cylinder - where 
the base and the top are the same shape with straight sides 
in between, its volume is (area of base) X height. 


You already know that both space stations are cylinders with 
volumes of 90000 m 3 . Which means that if you can work 
out the area of the base (i.e.，the area of the circle), you can 
use the equation to determine the height of the cylinder. 
Which is great, as that’s exactly what you need to calculate 
the astronauts’ floor space. 


Tke area ol a rectangle 


is wiJtk x lieigfkt^. 

Noie 七 he 
sirwilav-i-tics 
bctwcch these 

II a 3D skape kas two — 

two ends tkat are tke \ 
same anct straight 
sides between tkem, its 
volume is 

(area of tase) x keigfkt 
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circular motion (part 2) 


^ 1 





1 .To find a circle’s area, you can chop it up 
into tiny segments and reassemble it into 
a rectangle. In terms of the circle’s radius: 

In terms of r: 

a. What is the height of the rectangle? 


b. What is the width of the rectangle? 


c. What is the area of the rectangle (and 
therefore the area of the circle)? 


{jo make a 




2. Two cylinders each have a volume of 90000 m 3 . 


RcrwCrwbcv "to S-tav-t 
vj v/ith a skrUh/ 


a. The first cylinder has a radius of 10.0 m. What is the area of its circular base? What is its height? 


b. The second cylinder has a radius of 100 m. What is the area of its circular base? What is its height? 


c. What is the area of the curved surface of each cylinder... and which space station has a bigger floor area? 
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智 1 yo S：£ 


non 
olution 


1. To find a circle’s area, you can chop it up 
into tiny segments and reassemble it into 
a rectangle. In terms of the circle’s radius: 

In terms of r: 

a. What is the height of the rectangle? 

b. What is the width of the rectangle? 

c. What is the area of the rectangle (and 
therefore the area of the circle)? 

a* The hciglvt is vadius =■ \r 




\r 





{jo make a 






ttal-f 七 he dirduna-fev-ehde ― JCv 

b. The wid 七 h is hal-f div-dum-fcrchdc ― Vz x ZjDr 二 JTV* 

?== : 

C- The area is heigh-t x width 二 r x jtr 二 JVr^ 

^ — Rcrwcrwbcv bo stairt 

2 .Two cylinders each have a volume of 90000 m 3 . v/rth a ske-tdh. 

a. The first cylinder has a radius of 10.0 m. What is the area of its circular base? What is its height? 

b. The second cylinder has a radius of 100 m. What is the area of its circular base? What is its height? 

c. What is the area of the curved surface of each cylinder... and which space station has a bigger 'floor’ area? 

a. base — JVr z ― 多 .1 午 x lO.O z 二引午州 z (多 sd) 

今 e 七 height o^- ^ylmdev -from volume: volume 二 area c^f base x heiglvt 

volume ^OOOO 


hei^vt 


b. /\^ca base 


area 


z 


of base 




二 Z07 (l sd) 


hci^lvt 


JlK 二多 .1 午 

Volume 


il^roo (Z sd) 



area 


base 


°[0000 
— 引午 OO 


Z.07 m Cl sd) 


L, Curved sur-fadc is a \rcdtay\ 5 lc ： width =■ di\rdum-fc\rcr\dc =■ ZjC\r hciglvt =■ height of dyl'mdcr 
For \0 vt\ radius desi ^： Floor area ― Z x 冬.|午 x 10.0 % Z07 二 19000 ^ Ci sd) 

For lOO n\ radius desiy: Floor area = 


Z x l.\\ x 100 % Z.07 


The 10 m radius hds \0 *tii^cs *the -floor spade *thc lOO m radius o^c. 


1900 ^ (l sd) 

=5 
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circular motion (part 2) 


Lcfs test the space station. 


As the tall narrow space station module (the one with 
the 10.0 m radius that needs to rotate at around 1 


rad/s) has the larger floor area, you go ahead and 
build a test rig for the astronaut to try out. 


Objects are doing weird things 
when I drop them. And then there's 
the dizziness and nausea. This 
doesn’t feel so hot, actually. 



But weird things are happening! When the 
astronaut drops an apple, it doesn’t fall as you’d 
expect. And the astronaut’s not feeling well either. 

What’s going on?! 


Afflcs (W 七 do 
■this you dv-of 
them or\ 



rpen your pencil 



Jot down some ideas that might help to explain why weird things are going on. 


Would using the 100 m radius space station design instead of the 10.0 m space 
station design help to lessen the weird effects? 


D 。 灼’七 woirvy i-P youVc 
suv-c why these thmjs av-c 

- just thv-oy/ some 
\dcBs av-ou^d* 
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good and bad ideas 


^Jharpen your pencil 

Solution 




Do 灼’七 v/o\r\ry i-f you 

did " 七 Covt\t up y/i-th 
all o( these ideas. 


Jot down some ideas that might help to 
explain why weird things are going on. 

一 Alaybc his baldhde o\r 

to^t wi*th high velodi*ty- 

. 一 . 廿 :•?. .b.^.4. arc at di^crch-t 

dist^hdes ^y-om .?.? 女卜以 

.4i 科 ? .v?. 1 ? 女 . 

. 一 . Wh?' h? .4^.??.? ^ apple, the spade 

s*ta*tioh keeps bu*t {he apple 

doesn’t So i 七 looks like i 七 ^folloy/s a 

.. 




Can't cope with rotation 

Your sense of balance isn’t designed to 
work well when you’re rotated. Although 
people can adapt to being spun at low 
angular velocities, close to 1 rad/s is too 
fast and will produce nasty symptoms. 

Apple falls straight while 
space station rotates 

Someone looking at the space station 
from outside will see the apple 
moving along a straight line. But to 
the astronaut in his rotating frame 
of reference, it looks like the apple 
follows a curved path. Which looks 
very weird! 


Head and feet at different radii 

The centripetal force depends on the 
radius and is larger the further away 
something is from the center. So the 
astronaut will experience a smaller 
force at his head than he does at his 
feet. Which will feel a bit weird! 



fVom ou*tsidc> 
you see 
apflc n\oM\v\^ 
m a s*brai# 七 
Ime a^d *tKc 
as*bror>au 七 



Cch-tv-ipctal 

*Po\r& 二 
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f*v-om ms'idc, 
as*bvor\au*b assumes 
he’s s*bar\dm^ still) 
tV^c afflc 
does y/civ-d tiVmyf 



l/Vhch the 
olstv-ohau-t lets 

go o( the apple, 

it rwoves aloh^ 

3i stvaigh-t I'rnc 

with a 匕 

do^ity. 


The apple’s 
actually 
goihg olloh^ a 
stv-aiglvt I'mc/ 


Woo^i astronaut ^ajjevated *to 

make deav*e\r. 
















circular motion (part 2) 


Fewer uncomfortable things happen 
with the 100 m radius space station 

The space station module with the 100 m radius only needs 
to rotate at 0.313 rad/s, compared to the 0.990 rad/s of the 
module with the 10.0 m radius. This means that the astronaut 
has a much better chance of getting used to the rotation and 
feeling fewer ill effects. 

The astronaut’s head and feet are still different radii from the 
center of the space station, but compared to the radius of the 
wider space station, this difference is much less. 

And when you drop an apple, the 100 m radius space station 
won’t rotate through as great an angle as the 10.0 m radius 
space station, as the angular velocity is lower. Although the apple 
still won’t fall exactly like it would on Earth, the curve in its path 
will be much less than it was. 

You've sorted out the space station design! 

Success! When you spin the 100 m radius test 
rig, the astronauts are able to walk around on the 
curved surface without too many ill effects! 

Not only have you worked out how to provide 
'aritficial gravity’ in space, you’ve also managed 
to understand enough of the physics to choose 
between two competing space station designs. 

Result! 


\ 0.0 m v-adius 
spade station 



TV^csc av-c (jhravm 
*to Sddlc- 




100 m \radius 

syacc station 


Smaller a^julav- 
v-c^uiv-cdi *to pv-odude same 
uv\br\^ia\ 


That’s it from Head First in Space for now 
... though the astronauts are starting to mutter 
something about going to infinity and beyond?! 

Sound exciting? Stay tuned! 
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Question Clinic: The "Centripetal force" Question 




ny time an object follows a curved path, ask 
yourself whether you may need to think about centripetal force. 
This is the force required for the object to move in this way: F c = mruu 2 . 
You can move between the velocity (v) and the angular velocity (uu) using 
the equation v = ruu. The larger the radius and the larger the angular 
velocity, the greater the force required. 



TVis should immediately 
act you about 

-fov-dc. 


Be davc-Pul about v/hc*thcv- you ave bemg jivch -the 
RADIUS ov- VIAMBTBR of the cWc\t- Make suv-c 
you use ihc value -Pov- -the radius latcv oJ 


/Wake suv-c you 
-Pollov/ -the 
ms-tv-udtiohs 

Dv-a>/ all 七 he -Pov-dcs 

OM *thc pcv-soir\. 
kr\ow *thcv-c will be 3 ir\ci 
乙⑶ *bripe*tal -Pov-dc, bu 七 
do/ 七 label 七 he 於七 -fov-d! 
like -that Use a label like 
(o\"Ct -fv-om side 
o( 


2. A carnival ride rotates in a 
20.0 m. People sit in cars on the outside - 

一 I Drawafreebodyiiagra^ 如 someonesittingoiTW 

Seagram for someone sitting on the ride 

b . S^ILciearlymarkthe^enteroft^on 


vaw all Ac 
rov-tes attmj 
►K -tv^c pcv-soir\. 


C_ 


How m ^TevoMLQDiM» mustth h eride 衷 =二 

{^TthipelsOTin the carlo experience a hori zon ta l conta c. 
force equal to t hsir wsi ght? 


/ 

he 的 et force 

-toy/av-ds 
[he dc^-tcv- o( 
me div-dlc- 




>t 七 ul wixh 咖 i 

CO is medsuiredl m 
v-adia^s pev- sc 乙 o 灼 d. 


L/oy\ Z y/orry it yw wvn u 卜 ， ^ — 

you say ^co l - ^ ^ W\W dwidc out- 


If you re asked to draw a free body diagram, 
never EVER label an arrow ''centripetal force.” The 
centripetal force is a net force toward the center of the circle 
thafs provided by the forces already on your free body diagram. Oh, 
and some questions may ask about centripetal acceleration rather 
than centripetal force. You can just use Newton’s 2nd Law, 

= meu to move between F. and a . 


0 




































circular motion (part 2) 


D 


there jar 

>umb 


e no o 

Questi9ns 


How should I include the centripetal 
force when I’m drawing a free body 
diagram? 

A free body diagram shows all of the 
forces acting on a single object. So far, you 
know about gravitational force (a non-contact 
force) plus a variety of contact forces - normal 
force, frictional force, and tension force 
(exerted by a rope). 

None of these forces are the 
centripetal force though. How do I include 
the centripetal force on my free body 
diagram? 

If you have an object that’s moving in a 
circle, you should include all the forces acting 
on the object in your free body diagram. When 
you add these forces together by lining them 
up nose to tail, there will be a net force on 
your object that makes it follow a circular path. 
This centripetal force (the force required to 
make the object follow a circular path) may be 
provided by a gravitational force, or a normal 
force, or a support force, or a tension force. 


Are you saying that I shouldn’t draw 
an arrow on my free body diagram and 
label it centripetal force? 

Spot on! Your free body diagram should 
indicate the origin of each force vector arrow 
- gravitational force, normal force, frictional 
force, tension force, etc. 

Centripetal force is the name given to the 
net force on an object when the net force is 
making the object follow a circular path. It’s 
not a “ghost force” that appears from nowhere 
on your free body diagram. So you’re right - 
you shouldn’t ever label an arrow on your free 
body diagram "centripetal force,” as this tells 
you nothing about the origin of the force. 

Q/ What if the net force doesn’t cause 
the object to follow a circular path? 

Then it doesn’t get called “centripetal 
force," as this its the term reserved for when 
the net force does make an object follow a 
circular path. 


TV^c v\ti (orU >will 
pvovidk dcr\*tv-'»pc*tal 
(orU- T\\crt s!ioia1(W 七 

be av-\roy/s ov\ d -fv-cc 

body diagram labelled 


Your iree tody diagfram 
skoulct indicate tke 

ORIGIN ol eacli of tke 

iorce vector 
- gravitational Iorce, 
normal iorce, frictional 
iorce, tension iorce, etc. 


arrows 


Hey ... I was just 
wondering if you could 
come and help us out back 
at the bobsled track? 




take the comer 


Pack to the track! 

When you last checked in as the track’s safety 
consultant, you were working out the speed 
the bobsled would have as it passed through 
various checkpoints. 

But they just got a whole lot more ambitious ... 



Hey ... we want to extend the 
track, and were wondering how to get 
the bobsled to take a corner. Is that 
something you can help with? 



v 






velocity, i*tll 50 

stiraight o 灼 take 

out the ho-tdoj s*ta 灼 d. 


The bobsled needs to turn a corwer 

A bobsled isn’t a train - you can’t just point the track where 
you want the bobsled to go and expect it to follow! Since 
there’s practically no friction between the bobsled and the 
ice, the bobsled would just slide straight on and demolish the 
hotdog stand! 





How might you persuade the bobsled to 
take the corner instead of going straight on? 
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circular motion (part 2) 


^harpen your pencil 


a. The 630 kg bobsled has dropped 50.0 m from a standing start between the beginning of the track and 
the corner. What is its current speed? 


b. The radius of the corner is 80.0 m. What size of centripetal force is required for the bobsled to be able to 
make it round the corner? 


Wiivt: Th'mk dbou'b the 

shape o( a 乙 ydmg 

velod\rome o\r |hdy car oval. 

c. In what direction does there need d. How might the track be modified to provide the force the 

to be a centripetal force to make the bobsled needs to make the turn? Draw force vector components 

bobsled turn the corner? to illustrate where the required force could come from if the 

track was modified. 
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more net force 


(^Sharpen your pencil 

^ Solution 


a. The 630 kg bobsled has dropped 50.0 m from a 
standing start between the beginning of the track and 
the corner. What is its current speed? 


Use clergy dor\scrva*tioy\ 




K 

V 

V 




50.0 


bottom 




No dc^-tv-ipctal (orct at 
this pav-t o( the tv-adk, 
as *thc bobsled is mov'm^ 
wi*th a do^s*ta^t vclo^'rty. 




Z x ^.0 x 50.0 
mn/s Cl> sd) 


b. The radius of the corner is 80.0 m. What size of 
centripetal force is required for the bobsled to be 
able to make it round the corner? 

Cdldula*be dcr\*tvipc*tal F 

P 二 mrCJO z 

L 

-v-Q) *to work ou 七⑴ 


Bottom 

Ho y\ttd -fco 
v/oirv-y aboui 
div-cdtio^ as 
youVc aked 
abou-t SIZE 
of -Pov-dc- 



Cch-tv-ipctal -Pov-dc 

always poih-ts -fcowav-ds 
^Chtcv- o-p 6\rde. 


Use 


V 



^ (JO 


v _ 


二 03^1 rad/s 


V 00.0 

P 二 m KO z 二 ^>0 x 00.0 x OZ% 1 

t 

P 二 1110 ht (l sd) 


Curve 
o-f a divtlc. 


c. In what direction does there need to be a centripetal 
force to make the bobsled turn the corner? 

There r\ccds *bo be a dch*tripc*tal (orCt -bowards -the 

o-f *thc dormer. 

d. How might the track be modified to provide the 
force the bobsled needs to make the turn? Draw force 
vector components to illustrate where the required 
force could come from if the track was modified. 



Cc^*tv-ipc*tal (ortt is always 
parallel *to v-adius a^d 
pcv-pc^di^ulav- *to. velocity 


*bradk -boy/ards -the 
derrtev of {ht do\rr\CV bo vcdivcd*t 
normal (ortt y/o\rk, as 

■theve would be d donr\poherrt 
■bowards o-f -the dov-hcr. 


hlormnsl -ford 



Wcigh-t 


tto\rizx>r\*t3l 


For tke LoLsled to go 
around a corner，you 
need a net iorce pointing 
towards tlie CENTER 
of tke circle to provide a 
centripetal iorce. 
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circular motion (part 2) 


Angling the track gives the normal 
force a horizontal component 

There are two forces acting on the bobsled - its weight and 
the normal force. To make the bobsled turn the corner, 
you need to have a net force pointing horizontally 
towards the center of the circle, exerting a centripetal 
force on the bobsled that makes it turn. 

The bobsled’s weight points vertically downwards, so 
there’s no way that any component of the weight can point 
horizontally. And if the track is horizontal, the normal force 
points verticallty upwards, with no horizontal component. 


Normal force 


Kovmal 

is 

*to *bv"3^k. 





Bobsled doming 
ou*t o( the 
■towav-ds you. 


Weight = mg 


u somehow tkttd "to 
act B ho\rizjo^*tal 
Tovdc "to p\ro\/ide a 
-Pov-dc. 


The normal force always acts 
perpendicular to the surface of 
the track. If the track is banked at 
an angle, towards the center o 
the circle, the normal force also 
points at an angle. 


f A 

I force 


/Vovrwal -fovdc 
is pcvpc^didulav- 
{o tv-atk. 




If you break the normal force down into horizontal and 
vertical components, the horizontal component points 
towards the center of the curve. This can provide the bobsled 
with the centripetal force it needs to take the corner instead of 
going straight on. 

With the curve banked at the correct angle, the bobsled won’t 
accelerate vertically and the net vertical force must be zero. 
Therefore, the vertical component of the normal force must 
have the same size as the bobsled’s weight. 


Tke normal iorce 
always acts 

PERPENDICULAR 

to a surface. 


七 Vive’s r\o vcv-ti^al 

七 y/o vectors mus 七 be 
i\\t same s'izjC 




tWizjorrtal dompowt 
of hov-mal -Pov-dc po'm-fcs 
-fcov/av-ds the CENTER o( 
■the div-dlc drtd CBy\ pv-ovidc 
a deyrbriytal -Pov-dc- 


Weight = mg 
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perpendicular acceleration 



Hang on! Last time we were dealing with 
angles, the normal force was always a component 
of the weight. But this time, it looks like ifs more 
than the weight - and that can't be right! 




Whew you slide downhill there's m mca 
no pcrpewdicular acceleration 


When an object slides down a slope, it accelerates 

parallel to the slope, but doesn’t accelerate 
perpendicular to the slope. This means that the 
components of the forces perpendicular to the slope 
must add up to zero. 


Ko a^dclcva*tio\r\ 
diV"C^*bioir \； so *bV^CSC 



Normal 

force 


pav-allcl *to slope 



Velocity is 

pav-allcl "to 
slope- 


The only two forces with components perpendicular 
to the slope are the weight and the normal 
force. Therefore, the components of the weight 
and normal force, which are perpendicular to the 
slope, must add up to zero so that the net force is 
parallel to the slope. 
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circular motion (part 2) 


Whew you turn a corner, there's 
wo vertical acceleration $ 


The NET FORCE ac{s 
MRIZOHTALLy. 


For the bobsled to go round the corner, there must be a 
net horizontal force acting on it to provide the centripetal 
force it requires. 

This means that the bobsled doesn’t accelerate 
vertically, only horizontally. So the vertical components 
of the forces acting on the bobsled must add up to zero. 



The bobsled doesr /七 -float 
m "the ov Jo dovm nvto 
七 he yro\AY\d- Wlc don’i v/a 灼七 
i 七 "to slide UP OY vom ihc 


ci'thcv*. 



The tvadk heeds -to 
p\rovidc 3 ho\rizx>h*t3l 
-rovdc - o\r else the 
bobsled would tuirmel 
thv-oujh -the ivatk a^d 
hrt the ho-tdoj 


bio atdclciraiioh *m 

f ， 



vcv-tidal div-e 匕七 iern 
so these iv/o 

vcd-fco\rs rwus 七 have 
e<\ual 


|v/c*b -fovtc 3^*U 
jiovizjorrbdllY. 



ormal 


〆〆 


,〆〆 


'〆〆 



t\iy is 

out o( pajc ； 

-towavds you. 



Bc-Povc it xooV 七 he 
dov-hev-, the bobsled’s 
vclodiiy y/as m -this 
divcdtio^. |-f i*t has 
dohtmued y/i-th -this 
▽elodity, i 七 v/ould have 
hit the hotdoj sta^d. 


Tltere’s no 
acceleration in tke 
direction ^0° to 
tke net lorce. 

So tke lorces in 
tkat direction must 
actct to zero. 


The only two forces with vertical components are the 
bobsled’s weight and the normal force. Therefore, the 
vertical component of the normal force and the weight 
must add to zero so that the net force is the horizontal 
centripetal force the bobsled requires to take the corner. 


Not only does the track have to support the bobsled’s 
weight, it also has to prevent the bobsled from tunneling 
horizontally through the track, and into the hotdog stand. 
This is why the normal force has a horizontal component. 
The horizontal centripetal force is provided by the 
horizontal component of the normal force. 


Because the normal force is doing these two jobs 
(supporting the bobsled’s weight and preventing it from 
tunneling through the track), the size of the normal force 
must be larger than the size of the bobsled’s weight. 
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objects on slopes 


How to deal with aw object on a slope 

1. Start with a free body diagram 





Dumb Questi 9 ns 

How can I work out which force 
components add to zero when an object is 
on aslope? 

First of all, work out the direction of the 
net force. This is the direction that the object 
accelerates in. Then draw in components of 
forces parallel and perpendicular to the net 
force. The components perpendicular to the 
net force must add to zero. 


2. Work out the direction of the net force. 




3. Draw in components parallel and perpendicular to the net force. 


Normal -Po\r^c 
already pcv-pc^didulav- 
h> -Pov-dc- 


Tuv-jr\ 

•nvto dompo 灼 errt 
vcd-to\rs. 



Tu\r^ 灼 ovmal (orCc m*to 
dompo 灼 c 灼 ved-tov 



iVeiglvt 
alv-cady 
pcv-pc^didulav- 

h> 灼 -Pov-dc- 


4. The components perpendicular to the net force must add to zero. 

hlci -Povdc is 
n/ 七 his dorwpoherrt. 


pc\rpc^didula\r 
b> slope add 
•fco iciro. 



Net -Pov-dc is 
七 his 
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Vc\rtidal 一 ~ 

dompohC^-ts 

add -to ievo. 



How can the normal force from a 
track be larger than an object’s weight? 

This can happen if the track is banked 
so that the object can take a corner. As well 
as providing a vertical force to support the 
object’s weight, the track also needs to provide 
a horizontal force to stop the object from 
tunneling straight on through the track. So the 
total normal force - the normal force that the 
track exerts on the object - will have a vertical 
‘weight support’ component and a horizontal 
‘anti-tunneling’ component. 

How do you know the net force is 
horizontal for an object taking a corner? 

The net horizontal force provides the 
centripetal acceleration required for the object 
to take the corner. 


Start oil witk a 
free tody ctiagram 
and work out wkick 

components ADD TO 
ZERO l>elore you draw 

in tke components. 

































circular motion (part 2) 


^^arpen your pencil 


You akeady worked 
this out cav-licv- or\> 



A 630 kg bobsled traveling at 31.3 m/s requires a horizontal centripetal force of 7710 N to make it go around a 
corner with a radius of 80.0 m at a constant speed. You can provide the centripetal force by banking the track. 


a. Draw a free body diagram of the bobsled taking the corner on an angled track, showing all the forces 
acting on it. 


b. What is the weight of the bobsled? 


c. What do the horizontal and vertical components of the normal force need to be for the bobsled to go 
around the corner without sliding up or down the banking? 


d. What angle should the track make with the horizontal to achieve this? 
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start with a diagram 



irpen your pencil 
Sotution 


A 630 kg bobsled traveling at 31.3 m/s requires a horizontal centripetal force of 7710 N to make it go around a 
corner with a radius of 80.0 m at a constant speed. You can provide the centripetal force by banking the track. 


a. Draw a free body 
diagram of the bobsled 
taking the corner on an 
angled track, showing all 
the forces acting on it. 


Ko\rr»\al 

-fov-dc 



l/Vicijlii — 


b. What is the weight of the bobsled? 

klO X ^.0 

H80 hi sd) 








M/ 


c. What do the horizontal and vertical components of the normal force need to be for the bobsled to go 
around the corner without sliding up or down the banking? 

ttorizx)* 


m*tal 




UlO hi (provides -fordc) 

i>IQO M (mus-t be same siz^ as - r\o 

addeleva*tioh *m vcv-ti^al dived-tio^) 


d. What angle should the track make with the horizontal to achieve this? 

7710 N 


USO N 


These *th\rCC 
a^les add uf 
*to 1^0°. 



of *bradk: 


iar\ 0 


o 

d 


1110 


(Z sd) 


These *th\rcc 

abates add up > 

ww. 




0 


WO " 

- ^13° (Z sd) 


See \>a^e o( dhaftev 
I 午 -fov hclf v/i*th settmj up 
tv-ia^jlcs like 七 his. 


tKereiare no o 

Dumb Questions 


Q/ So - what if the bobsled was going 
faster or slower? Would the banking 
angle need to be different? 

You originally worked out the required 
centripetal force using the bobsled’s velocity 
and the radius of the curve. If the bobsled 
was going faster or slower, it would require 
more or less centripetal force. 


Q；i f the bobsled has a lower mass, 
will it require a smaller centripetal force? 

Yes, that’s right. But as the bobsled’s 
weight is less, the normal force will also be 
less, and the banking angle will work out the 
same. The banking angle doesn’t depend on 
the bobsled's mass - only on the bobsled’s 
speed and the radius of the corner. 


So could the bobsled just go round 
and round forever if I closed off the curve 
to make a circle? 

If there was no friction, then it could, 
but there’s always some friction somewhere 
to transfer kinetic energy to internal energy. 
So it couldn’t keep on going forever. 
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circular motion (part 2) 


Packing the track works 

Banking the track at 51.3° like you calculated 
does the trick! The hotdog stand is saved, 
and everyone at the bobsled track is happy. 
Though they’ve just come up with something 
even more ambitious ... 


... but wow they want it 
to loop-the-loop! 

Inspired by the success of your corner, 
you’ve just been asked if you can make 
the bobsled loop-the-loop at the end of 
the track! 

As the bobsled is traveling in a circle 
(just like it was for the corner), the track 
designers are confident that you can 
make it work ... 


t ft 


The corners awesome! Can we 
do the same kinda thing again to 
make the bobsled loop-the-loop?! 


Q 0 



Bobsled s-tavb ^ 

*to build as 
muA speed as i*b needs. 


Top o-f loop is 

2.0 00 m 3boVC - 

lowest 、 

*bra 乙 k. 


20.00 m 



Tiic vadius <Jc 七 

loop is nav-v-oy/cv- 

a 七七 he 

i*t »s do 補 

sides <Jc 七 k loof .、 


7.00 m 



Top o( loop 
has a v-adius 
of 1.00 rw. 




Try it! 


Are horizontal and vertical circles the same? Try it! Tie an object to the end of 
a piece of string, and swing it as slowly as possible in horizontal and vertical 
circles. Feel what happens to the tension in the string as the tension provides 
a centripetal force. 

How does the tension in the string vary at different points as you swing the 
object in horizontal and vertical circles? Do you need to pull harder or more 
gently when the object’s at the top or bottom of the circle? 
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varying support force 


The "support force" (normal force or tension 
force) required for a vertical circle varies 

For an object moving in a horizontal circle, the tension in the string 
provides the centripetal acceleration to keep the object moving. If the 
object moves at a constant speed, the tension remains constant. ^― 


For a vertical circle, the tension in the string is less at the top of 
the circle than it is at the bottom - as long as the speed of the object 
remains the same throughout. 


丁 his is i\\t same as (or Ac 

same all >way vour>d, fvovid'm^ 七 he 
same KoVizjO^^I o-f tKc 

^ov-mdl -fovtc all *tKc v/ay v-ouy>d. 




At the top of the circle, the force of the 
object’s weight points towards the center of the 
circle, and can provide much of the centripetal 
force that the object needs to move in a circle 
(as long as the object’s going at an appropriate 
speed). If the object’s going faster than the 
minimum speed, the centripetal force will be 
provided by weight + tension in the string. 


This is 七 he -Povdc 七 ha 七 you 
y\tt& -to pull ihc siv'mg v/rtlv 


VVefght = mg 


Tension 1 = T 


At the bottom of the circle, the object’s 
weight points directly away from the center 
of the circle, so the centripetal force must all 
be provided by the tension in the string. 

As the object’s weight is pointing away from 
the center of the circle, the tension in the 
string must be equal to the weight + the 
required centripetal force. 



o( div-dlc. 



Ccv>*tv-ifc*tal -fovdc 

R 印 WIRED k 

motion — 


net 


H T 1 + mg 



Radius = r 


Tension 2 = 


'©■ 


F =F 


net 


mg 



(x) is 七 he 
same 

*tKvou^iiou*t 


Weight = mg 


Ccv>*tv*ifc*tal -fovdc 
RBV -fov *tK*i 
motion — ttfrOJ 1 



obsewed objcd*t 
or\ *tKc stv'm^ k*md-o*f 
w -fall*m 5 OVCV *bof W 

as you sv/uy^ rt slowly. 



You might have 

^oiided the objedi 

ov\ the siir'mj 
ajams-t you" whe 灼 
it sy/uir)^ \rouKtd "the 
boi-fcorw o( the div-dlc- 


At tke top oi tke circle, 

tlie otject’s WEIGHT is 

able to provide some oi tke 
centripetal iorce, as tke 
weigfkt vector points towards 
tke CENTER ol tire circle. 
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circular motion (part 2) 


I don't agree. Surely there's more force 
at the top - because gravity's adding to the 
centripetal force from the string? 


壯 七 he *tof of 七 he divtlc, 

七 he object Kas a iiovizoiaial 

velocity. iVrtiiou 七 i\\t S*brm 少 
七 he objcd*t v/ould -folloy/ a 
duv-ved pa*tii a^ay (jus*t ⑽七 
a 6vdulav- oir>c)- 




TKis c%cv-d*isc Icis you yt 
-tKc iiay\5 o( dcalm^ 
vcv-tidal divdlcs bc+ovc you 
•tadklc bobsled *tvadk. 


Centripetal force is required for circular 
motion and provided by existing forces 

You mustn’t think of centripetal force as a 'ghost force’ 
that appears from nowhere when an object moves in a 
circle. Circular motion is only possible if a force capable 
of providing the centripetal force is already present. 

At the top of the circle, the centripetal force can actually 
be entirely provided by the gravitational force, as it 
points towards the center of the circle. At the minimum 
speed for circular motion, the gravitational force, mg, 
will provide all of the required centripetal force, so 
will be equal in size to mrco 2 . 



EiceftclSe 


You want to swing a bucket of water, mass m, in a vertical circle at a constant speed, v 



a. Write down an equation that relates the 
mass of the bucket, the length of your arm 
and the size of the required centripetal force. 



b. If your arm has length r, what’s the minimum speed, v, you 
need to swing it at so that you don’t get wet when the bucket 
passes over your head? 

A 七 m'mimum speed ； 

•He dcy>*tv*ifc*tal (orU 
•is provided c^ti^rcly by 
*tKc 5vav*i*ta*t*ioir>al *fov-dc. 


c. In terms of m and g, what force does the 
base of the bucket exert on the water at the 
top of the circle? 



d. In terms of m and g, what force does the base of the bucket 
exert on the water at the bottom of the circle if you swing it at 
the same velocity round the whole circle? 




,>uv avrw d -Povdc oy\ -the 

budkei - a^d 七 he base o-P -the bucket 
七 ha 七 (oru {jo the y/aiev. 


Pv-aw a -Pvcc body -to v/ovk 

cath of -these oui/ Look a-t -the o^es 
ov\ the opposite page h> help you. 
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free body diagrams 



ExeRctSe 

§OLytiOH 


You want to swing a bucket of water, mass m, in a vertical circle at a constant speed, v. 


a. Write down an equation that relates the 
mass of the bucket, the length of your arm 
and the size of the required centripetal force. 

F 二 

c 

is mass o-f budkct 
v is 

CO is ar\^uldv* vclodi*ty. 

c. In terms of m and g, what force does the 
base of the bucket exert on the water at the 
top of the circle? 

Tehsioh o-f -fordc oy\ budke*t 

*to y/a-tcv by base of budket 

Bu*t forde is IF 二 

So *tchsioh ― O. 

、J Force c^cvted by base of 

bucket oy\ y/a*tcr =■ O 

l/Vciglvt =■ 1^3 


P 二 ^cCO 


z 


V 




mV 


X 


Mi 


i. If your arm has length r, what’s the minimum speed, m, you 
need to swing it at so that you don’t get wet when the bucket 
passes over your head? 

^/|iir\iinauw\ 不 OV*dC 二二尸 

\ V 今 1 H 二每 

V* ⑺今⑺二 f r 

v 

d. In terms of m and g, what force does the base of the bucket 
exert on the water at the bottom of the circle if you swing it at 
the same velocity round the whole circle? 

Cohtmucs a*t same speed, so 尸二 as 
dch*t\ripc*tal -forde sa^e -for sa^e speed. 

P is ^oyCc, so Tihsioh + Wci^lvt mus 七 
be c<\ual *bo 

Up positive dive&tioh: T — 二 p 

c> 

But ' 二你 3 ^ t 
make subs*ti*tu*tioh __ 

Z m3 


7 er\sioh 

/\ 

D 

vli 


^9 

T 


m 3 



I guess that with the bobsled, the normal force 
from the track does the job of supporting the 
circular motion, like the bucket does here? 


Your free body diagram is key 

When you draw a free body diagram, take 
special note of the forces pointing towards the 
center of the circle. These have the potential 
to contribute towards a net centripetal force 
that makes an object follow a circular path. 

For the bobsled, the normal force from the 
track will point towards the center of the circle. 
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circular motion (part 2) 


Awy force that acts towards the center of 
the circle caw provide a centripetal force 

z 

Weight = mg 


Tcr\s\or\ (orCc pv-ovided 
by a 己 U *tov/av-ds 

- o( div-tlc. 


For an object on a string at the top of a circle, there 
are two forces that can point towards the center 
of the circle and, therefore, contribute towards a 
net centripetal force in that direction. One is the 
tension force from the string, and the other is the 
gravitational force - the object’s weight. 

The tension force + the component of the gravitational 
force that points towards the center of the circle will 
always add up the centripetal force required to move 
the object at that speed around a circle with that radius. 



net 


mg 


Tension 


Radius = 


Tke components oi 
all tke iorces tkat 
point towards tke 
center oi tke circle 
must actct up to tke 
centripetal force. 


Tkink ol tke normal 
iorce providect hy 
tke track as an ” anti- 



|^o\rmal ^oYtt pv-ovided 



Normal (oYtt 
ad*b pcv-pc^didulav 

(^ov-mal) *to -the *bra 乙 k. 



The bobsled’s free body diagram is nearly identical to the 
object on the string, except that it’s the normal force from 
the (circular) track that points towards the center of the circle 
instead of a tension force. 


tunneling” iorce tkat 
stops tke Lotslect 
from tunneling 
tkrougfk tke track. 


You can think of the normal force as an “anti tunneling’’ 
force. If the bobsled is going upwards with a high speed and 
the track is soft and can’t provide enough normal force, the 
bobsled will tunnel into - and probably through - the track. 
The normal force provided by a solid track prevents the 
bobsled from tunneling, and provides some of the centripetal 
force that the bobsled requires to follow a circular path. 
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radius, speed, and centripetal force 


So how can the gravitational force 
provide a centripetal force?! Surely if that 
was happening, the bobsled would just 
fall straight down, off the track. 

To make it around the loop, the 
bobsled must already be traveling very fast 
horizontally when it gets to the top of the 
circle. So it couldn't possibly fall straight 
down - even if the track wasn’t there, it 
would move through the air like a projectile. 

Q/ But what if the bobsled wasn’t 
going fast enough at the top of the loop? 

Then there wouldn't be enough 
centripetal force to keep the bobsled on 
the track - it would curve down towards the 
ground faster than the curve of the track, 
and fall off the track. 


How fast does the 
bobsled weed to go? 

Your job is to calculate the 
minimum speed that the bobsled 
needs to be going at to make it 
around the 7.00 m radius loop. 


At the top of the circle, the 
bobsled’s weight points towards 
the center and can provide all the 
centripetal force the bobsled needs 
to go in a circle - as long as it’s 
going at just the right speed. 



Dumb Quest? 


9ns 


Q/ How do I know if the bobsled’s 
going fast enough or not? 

The size of the centripetal force is 
given by the equation F c = mroj 2 , which 

can also be written F c = by making a 
substitution using the equation y - roo. 

The faster the bobsled's going, the larger the 
centripetal force required to make it travel in 
a circle with radius t. 


What else might the centripetal 
force be provided by, apart from gravity? 

The normal force from the track always 
points perpendicular to the track. So when 
the bobsled is upside-down, the normal force 
points down. 

Think of the normal force as an "anti- 
burrowing" force that prevents the bobsled 
from burrowing through the track if it’s going 
really fast. 


Doesn’t that equation give you the 
value of the centripetal force? 


How can I work out whether the 
track is safe or not? 


Not quite. The equation gives you the 
value of the centripetal force that is required 
for the bobsled to move in that way. If the 
net force on the free body diagram isn’t large 
enough, then the bobsled won’t get round 
the loop safely. 



Bobsled s-barb ^ 
*to build uf as 
muA sfeed as \i 


Your job is to calculate the minimum 
speed that the bobsled needs to be going at 
to get around the loop safely. Which we’re 
just getting on to now ... 

Tke reejuired 
centripetal iorce 
ctepencts on tke 
ractius anct speed. 
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circular motion (part 2) 



ttm 七 : Vou iiavc various 


A 630 kg bobsled is to do a loop-the-loop.The loop has a 7.00 m radius at its top, which is 20.00 m higher 
than the bottom of the loop. The bobsled can start as high as you want it to above the bottom of the loop. 

a. What is the minimum speed the bobsled needs to have at the top of the loop in order to make it around 
the loop successfully? 


b. What speed does the bobsled need to have when it enters bottom of the loop in order to achieve this? 


c. What is the minimum height the bobsled needs to start at to achieve these speeds? 


d. Now assume that the bobsled is traveling at 10.0 m/s at the top of the loop (instead of the speed you 
calculated in part a). How large is the normal force that the track exerts on it? 


TiiC r\oV"m3l 
is like an 
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solutions 


i^iharpeii your pencil 

Solution 


A 630 kg bobsled is to do a loop-the-loop.The loop has a 7.00 m radius at its top, which is 20.00 m higher 
than the bottom of the loop. The bobsled can start as high as you want it to above the bottom of the loop. 

a. What is the minimum speed the bobsled needs to have at the top of the loop in order to make it around 
the loop successfully? 


F 


rw\r(JL) 


z 


v 


F 


r ⑴今⑴ 

1 


V 




七 speed, all provided by y/ci^lvt- 

/ 二 y 

v =• J yr 二 x 7.00 二 8 .Z 8 m/s sd) 






b. What speed does the bobsled need to have when it enters bottom of the loop in order to achieve this? 

=■ 0.2*0 你 /s Energy dor\sc\rva*tioh ： 

^\v b z =1 + ^ 

二 + ¥ 

V 


Wlc^vc used subsdvifts 

'V *bo l *to^ a 於 d 

'bottow/ o*f loof- 


J + Zgh 二 Je.Z0 z + Z XX Z0.00 二 UWs G sd) 


c. What is the minimum height the bobsled needs to start at to achieve these speeds? 

Energy dor\sc\rva*tior \： 

二 



Wlc’ve used subsdvift 

-to m’rtial 朽 drticms 

attire s*tav*t o-f *tv-atk. 



¥ 



0.5 x 2-1.5 

~w 


z 


ll.k m Cl sd) 


d. Now assume that the bobsled is traveling at 10.0 m/s at the top of the loop (instead of the 
speed you calculated in part a). How large is the normal force that the track exerts on it? 


IVci^lvt 


F 

t 


mV 


z 


i>lO x IO z 


°[ooo m a sd) 
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blo>T\rr\d\ 

\j/ forCc 

Kov-mdl forte s*fcops bobsled 
buv\rov/m^ or\ uf>w3V"ds. 




r 一 1.00 — 

y/ei 心七 + normal -fordc 二 + 

'一 二 °\000 - klO x =i ViZO M Cl sd) 



















Question Clinic: The "Pawked curve" Question 



o 


The banked curve question tests your understanding of 
forces, free body diagrams, components, Newton's laws, circles, and 

■ it • ii I 詹 • I I . ■ I I a ^ ii hi I ■ I 


■ VI f I I ww J ^ 1 I v^i I m f I I|^wi 1WI « > «^ / • iwvv i wi i i w iv^ 

trigonometry - all in all, a good and varied workout! Usually, you’ll need to calculate 
the centripetal force required in order for the object to make it around the curve, 
then make this equal to the net force that points towards the center of the circle, which 
^comes from the horizontal component of the normal force. 少 



"the rndss ds nr/ -(*o\r "the rworwCh't ； 
"to dvoid hurwcvidal ciriroirs. | 七 1| divide 
out latcv- oy\, y/hc 灼 you equate the 

-foirdc bo the 

o( -the rtov^imal -Pov-dc. 


These -figures jive you *bhc 
m-fovma-tio^ you Y\ttd *to *thc 

匕⑶ *bripc*tal force, F 




ac 


-fovget -fco Soiy 
"that the dive^ioh is. 
hoHzjOh-bl, -towav-ds 

the of the 

匕 i\rde that the bend 
-fov-rws pa\rt of. 


a . What size f0r 

YOU can pruv.ue the required centripet^ 
the track. Explaj^M ■ 麵歷 ， whyth，S 
s'noufcl the 



T7T 




TKis vntar\s dv-a>w a -fv-cc bo( 
did^v~d^ dy>d siioy/ 七 1 ^七 w 七 *idal 

tompoy>Cir\*U *tKc -fovdes add *to "Z-Cco } 
ledv'm^ d y>c*t Kovirjoir\*t3l -fovdc 
ddr^ pvovide dcy\*tvifc*tal *fovtc- 


"the 


ad^clc\ra*tio^ 'mstcad ^c^-tv-ipctal 

Use Zr\d Law, p 二 ma 

■to move bc*bwcc^ these two thmjs. 


th'mk -to see i-P you\r a^sy/cv- SUC^s. 


Any time youre dealing with a slope, 
start with a free body diagram and work out 
which direction there’s no acceleration in. Then resolve 
your force vectors into components parallel and perpendicular 
to this direction. In the banked curve question, there s no 
acceleration in the vertical direction - which helps you to 
see that if s the horizontal component that you need to 
make equal to the centripetal force. 


0 


0 

























Question Clinic: The "Vertical circle" Question 



The vertical circle question can lead to a lot of 
confusion about what forces are in play and the direction that 
they point in. The normal force is always perpendicular to the surface - even 
if somethings upside-down! And the force of somethings weight always points 
downwards. The vertical circle also involves a change in height - so be on the 
lookout for places you can use energy conservation. 



The mass will divide out you make 

■the 乙伙 *bripc*tal (ortt c<\ual *thc wt 

(ortt oy\ youv Wtt body 你 . 


- 七 IVmk 


P° 




This is -the value o( radius you’ 
y\ttd bo use -Poir dakulai'm^ ihc 
\rc<\ui\rcd dc^i\ripcial -PoV"dC. 


This is whert all the 
tc^t\ripctal -Pov-dc 
is provided by the 
bobsled’s y/cijht 

This involves 
tY\tro^f 
do^sev-vatio^. 




th e,oop.The.oophasa^00m p| 


What is 
irror 


t is the minimum s pwu me 
d^^i^ound the loop successfully? 


b_ 


c_ 


d_ 


^fast does the bobsled need to be going when it enters th^ 

bottom of the loop in order to achieve this. 

WhSis 4 he 

calcula^in Part a). How large 

is the normal force that the track exerts on it. 


>u y\ccd bo redo 
ewytlVmg as 七 he 
\rc^ui\rcd dc^*tv-ipctal 
addclcv-a-tio^ -Pov 
七 his speed will be 
jv-catcv-. Pav-t will 
dorwc -Pvorw i*ts 
weight, a^d pav* 七 

•rv*or»\ d 灼 ovmal 

-Pov-dc 七 ed by 

七 he -tv-atk. 


Always, always, always start with a free 
body diagram! Mark on the real forces, and work 
out which of them contribute towards the centripetal force. 
The minimum speed for a successful loop-the-loop is shorthand 
for saying that the object’s weight provides all the centripetal 
force when the thing is upside-down. If ifs going faster than 
that, then some of the centripetal force will be provided by 
the normal force from the track. 


o 




0 






























circular motion (part 2) 




Centripetal 

force 


The net force required to make an object travel 
along a circular path. Always points towards the 
center of the circle. Size given by F = mrui 2 



Angular 

velocity 


The size of the angular velocity is exactly the 
same as the angular frequency or angular speed. 
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Your Physics Toolbox 

You’ve got Chapter 17 under your belt and 
added some terminology and problem- 
olving skills to your tool box. 


七 s pusKih^ me?” 

This is the <\ucstioh you heed io 
ask youvscl-f ih Olrdcv {o spot the 
to^ti -Povdcs that avc pvcschi 

Shut youv eyes ahd thihk l Whats 
fushihg me?" 

/ou C^i CXpCViCh^ a hOh- 

^ov\ia^t (ovu (su\) as youv 
weighi) ih this w^y. 


Fvcc-fall 

Somctw.^ IS said ^ be *m 心呼 11 

or^ ad：% 。… 七 IS 

•rts v/C* 吵七 . 

e%am ? lcs objedts *m 心”⑽， 
are a ?aradW*te jumper s 

air resists) ad an object 
m(\ -t^c 它 artW 


Volumes and av*cas 

|*f you V>avc a sKa\>c, Vy to 
U^old rt m-to ZP 坤 ”。 u “ 
Kov/ "to dcdl v/rtVv 


70r 


/\vca o^* divdlc 

pov a volume Wrbv> stvai^t 
Is.dcs a^a -tKc same d Aat 
base dy>d *b\>: 

Volume =• avea of base ^ \\t\o^i 


Cch-tHpc-tal (o\rU 

"The ^OYU irc^uMrcd *to move ah 

objc^*t 浐 。 Uhd d dumvccl pa*th. 

A 3 …七饮 dChtiripc-bl ^OYU is 

^^unred -Poir a higher speed oy a 

I 扣 3 饮 radius. 

E«\uatioh ： F £ — ^COJ 1 
wi£h v 


^rCO. 


Solv” ^oblcws 

七 ha 七 involve 3 slo?C 

S-tarb Wi-tK a ^cc body d，ayam 
Work out d*»rc6t«o^ 七 

-fordc (*t^e d\rtcbo^ 栋 a 七咖 
object a66clcra*tcs m). 

pr3>w on tomf*b parallel a^d 

*to ovtc- 

T^C 60 叫 >owts \>cr^a*«6ular -to 
如 wt -forte must add Uf -to 


ZjCV^O. 


Solving dCh-tHpc^tcll 

^o>rtt problems 

SM with a 4cc body d\a^ 
The ^htvipc-bl We doesh^t 

a PP cav ， “o 执 howheve - its the 

呢 T Force Oh youv “e body 
d\ayra^ ahd it acis -towavds the 

CBI^/TBR of the twc\t^ 
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18 graVftcition and orbits 


% Getting away from it all + 



So far, you’ve been up close and personal with gravity - but what 

happens to the attraction as your feet leave the ground? In this chapter, you’ll learn that 
gravitation is an inverse square law, and harness the power of gravitational potential 
to take a trip to infinity... and beyond. Closer to home, you’ll learn how to deal with 
orbits - and learn how they can revolutionize your communication skills. 


this is a new chapter 


cheese? really? 


Party planners, a big GVGwt, and lots of cheese 


The local party planner is in need of your help. They’re catering a big 
event, and the centerpiece is a huge, innovative globe of cheese. 

But there’s more... the planner has sent over instructions. 


The ho-tcs ihdude 
a - satioh o*P 

the cheese globe. 


Assume you’ve 

ihai 乙扣 pui 

the s-tidks \v\ 

the at 

v*cjula\r "m-tev-vah 


^ssumC you vc 
fto't 3 m3C-Wnr\C 
'msevb 
m*bo C^iiccsc 
blocks easily. 


Once-in-a-lifetime ^1 Bkk J 如仪 

cheese globe 

The center of the cheese globe is 
an orange. 

Cocktail sticks are inserted into 
the center of the orange, and 
radiate outwards. At the outer 
ends of the sticks are blocks of 
cheese, all around the outside 
of the globe. The cheese forms 
a “shell” around the orange. 

Cheese blocks must be 2.0 cm 
by 2.0 cm x 0.50 cm, with the 
square face outwards. Each 
cheese globe should have 500 blocks. 

Each stick should protrude by 2.0 cm from the end of the cheese block, 
so party-goers can easily remove a block from the cheese globe. 

THERE MUST BE NO GAPS VISIBLE BETWEEN THE 
BLOCKS OF CHEESE. THIS IS CRUCIAL! 


Cocktail sti^k 


The party planner already has a machine that will put cheese 
blocks onto cocktail sticks with 2.0 cm sticking out at the end. 
The machine is also able to put all 500 cocktail sticks into the 
center of the orange so that they’re evenly spaced. You don’t 
need to worry about how to do any of that. 
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What length should the cocktail sticks be? 

Your job is to calculate the length that the cocktail sticks should be. 

If the sticks are too short, there won’t be space for you to fit on all 
500 pieces of cheese, as the sticks won’t spread out enough for the 
pieces of cheese to fit on next to each other. 

But if the sticks are too long, they’ll spread out too much and 
there’ll be gaps in between the pieces of cheese. 


Bach s-tidk 
domes ou*t 

7- 0 Ctf\ -fvorw 

the dheese blodk 


Rcmcmbcv-, is jus*t 
d 2-V d\ross-scd*tio^ 
of 七 he ad*tual 
dheese jlobc- 





|r> 七 iVis diayam, 
sticks avc TOO SHORT- 

Some sticks 

dKccsc bcdausc \i y/o^*t 
•f’rt m spate- 


The dodktail sticks 
dll rwcc*t m the 

the o\rar>gc- 


\y\ tnis the sticKs art 

TOO L0U6\. AH *tKc stidks ' 

a picdc o-f dliccsc, but t^cv-c 
avc 七眯 • 



oh 





What properties of the cheese blocks might 
be important when it comes to working out 
the length that the cocktail sticks should be? 
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what is it like? 




Frank: We already have a machine that can slam 500 cocktail 
sticks into an orange with equal spacing? Cool or what! 

Jim: Yeah, the ends of the sticks all meet in the center of the 
orange. That’s not a problem. But we don’t know the length that 
each cocktail stick should be. 

Frank: We could try an experiment - y’know, use really long 
sticks and slide the cheese blocks up and down the sticks by hand 
until there aren’t any gaps. Then we could measure how far the 
blocks are from the center of the orange. 

Jim: That sounds like it would work, sure. 

Joe: But what if the party planners change the number of cheese 
blocks or want a different size of block in the future? We’d have to 
do all of that work again! We need to future-proof our solution. 

Jim: That’s true. If this is a success, the planners will want to milk 
this cheese globe for all it’s worth. There must be a butter way. 


Joe: Gan we come up with an equation that tells us what length of 
cocktail stick to use? 


Start solving a 
new protleiti ty 
asking yourself ， 
f Wliat is tliis 

problem LIKE? ” 


Frank: OK, let’s think about that. What’s the cheese globe like? 

Jim: Well, the finished cheese globe kinda looks like the cheese has 
coated a soccer ball with a bunch of little spikes s 



Joe: Right, the cheese globe’s basically a sphere. 

Jim: So maybe the volume that each cheese block takes up is 
important... 

Joe: ... or maybe the surface area of the cheese blocks is 
important... 
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The cheese globe is a sphere 

Because you start with a spherical orange and put all the 
cocktail sticks in the same distance, the cheese also makes 
a sphere shape. The larger the radius of the sphere, 
the larger the surface area, and the larger the volume. 

But is it the surface area of the sphere that’s important, 
or the volume ... or both? How are you going to figure 
that out? 


Ha spkere lias a tig raJius ， 
tken it also kas a tig surface 
area and a tig volume. 


The looks like its doated 

the ou*tsidc o-f a cotter ball. 


^^rpen your pencil 



A sphcv-c has 
dv*ed 
BY\d B volume- 


The bigjcv the radius, *thc 
bigjcv suv-fa^c av-ca 
By\A volume o-f the sphcv-c* 


A single block of cheese has dimensions of 2.0 cm by 2.0 cm by 0.50 cm. You have 500 of them, 

a. Calculate the total volume of the cheese blocks in cm 3 . 


b. Calculate the area in cm 2 that the cheese blocks occupy when you arrange them on a flat surface with 
the square side of each block facing upwards. 


c. Do you think the volume of the cheese blocks or their surface area - or both - is important for working 
out how long to make the cocktail sticks? Give a reason for your answer. 


d. What other information might you need to be able to solve this problem? 
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spheres and surface area 


^ c&3harpei your pencil_ 

A single block of cheese has dimensions of 2.0 cm by 2.0 cm by 0.5 cm. You have 500 of them. 

a. Calculate the total volume of the cheese blocks in cm 3 . 

Volume o-f I blodk 二 X wid*th x 二 Z.O x 2>.0 x 0.50 n 2- 0 (Z sd) 

Volume c^f 弓 OO blocks =• 500 x Z O ^ 1000 (Z sd) 

b. Calculate the area in cm 2 that the cheese blocks occupy when you arrange them on a flat surface with 
the square side of each block facing upwards. 

Sur-fadc area of I blodk 二 \t^ih x y/idih =i Z.0 x Z.0 =i 午 .0 (Z sd) 

Sur-fadc area o-f 500 blocks =i 500 x 午 .0 二 ZOOO (1 sd) 

c. Do you think the volume of the cheese blocks or their surface area - or both - is important for working 
out how long to make the cocktail sticks? Give a reason for your answer. 

I *thmk su\r-fadc is because *thc blocks have *bo dovcv a su\r-fadc y/i*thou*t 

gaps *m between ho*t -fill up d volume. The volume is^*t ir«po\rtah*t- 

d. What other information might you need to be able to solve this problem? 

c<\ua*tioh -for su\r-fadc area of d sphere y/ould be useful. 


The surface area of the sphere is the 
same as the surface area of the cheese 

If you were making a solid sphere of cheese, then the volume of the 
cheese and sphere would need to be equal. 

But the cheese makes a spherical ‘shell’ - not a filled-in sphere. 
Therefore, the surface area of the cheese will be the same as the 
surface area of the sphere that it’s coating. 

Your table of information gives you an equation for the surface area 
of a sphere: S — ^ict 2 . 



Suv-fadc avea 
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You have 500 cheese blocks, measuring 2.0 cm by 2.0 cm by 0.50 cm, and are required to make a cheese 
sphere. You have 500 cocktail sticks, which start in the center of an orange and are equally spread across 
the orange. 2.0 cm of each stick should be visible on the outside of the sphere. 


a. What length should the cocktail sticks be if the 500 pieces of cheese are to be arranged so as to leave 
no gaps in the surface of the cheese sphere? 


b. Now, suppose you have 2000 pieces of cheese the same as before - 4 times as many. Without redoing 
the calculations you did above, use the equation for the surface area of a sphere to explain what radius of 
cheese globe you’d be able to make while leaving no gaps. 
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doubled radius = quadrupled surface area 



You have 500 cheese blocks, measuring 2.0 cm by 2.0 cm by 0.50 cm, and are required to make a cheese 
sphere. You have 500 cocktail sticks, which start in the center of an orange and are equally spread across 
the orange. 2.0 cm of each stick should be visible on the outside of the sphere. 


a. What length should the cocktail sticks be if the 500 pieces of cheese are to be arranged so as to leave 
no gaps in the surface of the cheese sphere? 


Inside suv-fadc of dhccsc doais a sphere, 
suv-fadc area o-f sphere =■ sur-fade area o-f 

Z^> 午 JCv z 二 Z.0 x 2».0 x 500 

r — 2-000 =• IZ^ (i sd) 

午 JC 


12 •.厶 dm 


of dodk*tail s*ti^k ： - 

Need *bo mdude Z.O dm a 七 < _ 

er\d) dhd -thi^khcss o-f dhccse. 

=i IZi + 0.5 + 1.0 =i 1^1 ^ (l sd) 


You y\tcd bo 

ve 你 erwbev" the 

thidk 灼 ess o*f 
dheese as 
l well as -the bii 

\ at the cr\d! 

〕 Z.0 dm 
0.5 C.n\ 



b. Now, suppose you have 2000 pieces of cheese the same as before - 4 times as 
many. Without redoing the calculations you did above, use the equation for the 
surface area of a sphere to explain what radius of cheese globe you’d be able to 
make while leaving no gaps. 

The Su\r-fadc area is propo\rtior\al to Y l ) as S =■ 午 JDr z . If S is 午 -times 

午 JDr z will be -four *tii^cs lcl\r^c\r. Bu 七午 Jt avc dohS*tar\*ts. 
Thc\rc-fo\rdc r z must be 午 times larger, so r mus-t be Z -times lavgcv- 


|y\y\CV* \r3diius 12—^ ^ 2 - 2-^*2 - 乙你 . 

thereicire no o 

- Dumb Questi9ns 


Suv^atc avea 
o( s^cvc- 


Cs 


4 


Radius o-f 

sphcv-c. 


Doutling 
tke radius 
ol a spkere 

QUADRUPLES 

tke surface area 
oi tke spkere. 


Q/ How can I tell whether it’s the 
volume or surface area that’s important? 


I thought that 3D objects have 
volumes, not surface areas? 


How do you know what happens to 
the area when you change the radius? 


J\l Ask yourself - “What’s it like?” Here, 
arranging the cheese is like coating the 
surface of a soccer ball. This means that the 
surface area of the cheese is important. 

If you were melting the cheese and filling the 
volume of a soccer ball, then the volume of 
the cheese would be the important thing. 


Anything you can paint has a surface 
area - or else there’d be nowhere for the paint 
to go! A sphere has a surface area. It's a 
curved surface - and one you can’t flatten out 
properly - but it's a surface nonetheless. 


In the equation S = 4ur 2 , the area is 
proportional to r 2 . If you double the radius, 
you quadruple the surface area, as 2 2 = 4 
Think about it like this: if the old radius is y 


and you double it, the new radius is 2y. 

Old: S = Any 2 ^ Old suv-Padc avea. 

New: S = 47T(2y) 2 = AttA y 2 = 4 x 47Ty 2 <r^ 
So when you double the radius, the new 


surface area is four times the old surface area. 
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Your solution on the opposite page is correct, but the party planners have gone wrong somewhere. 
Circle the mistake in the notes that the machine programmer made and explain what went wrong. 


Cheese ^lobe 

Set -to f U*t 弓 00 sticks m-to ova 呼， 

evenly—sodded Vrbli ⑼ ds of sticks m 乙伙 * tev". 

pu*U 2- 0 tns by Z O ^ by Cm 
blocks sticks, s'uave side u\>, Vrth 2- 0 Crrs 
of stidk pvoW”. 

Sc-t stutk so that l5.Um d st'^k is 

visible ou*tsidc ovd^^c- 

Pvcss ^o. 
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center or surface? 



rpen your pencil 
Solution 


Your solution on the opposite page is correct, but the party planners have gone wrong somewhere. 
Circle the mistake in the notes that the machine programmer made and explain what went wrong. 



Cheese ^lobe 

Set -to pu-b 弓 00 sticks m-to 

cr^ds of sticks m 

Mddhmc puts 2- 0 Cm by 2- 0 Cm by Cm 
blocks oy\ sticks, s<\udvc side 外 Vrth 2- 0 Cm 
of sti^k pvo-bvudm^. 


|Vis is ds-bh^c you cak^aitd 
TO be l^.l Ctf\ — "the IchJ-th of 
chti\rc ^k-tail stidk - -the 
RADIUS ihe sphcv-c. -to the 
tips of -the sticks. 


Accidentally 
working witk tke 
distance from tke 
surface instead 
oi tke radius - or 
vice-versa - is a 
common mistake. 


I worked ou*t *thc -the sticks Y\ttd *bo have a 

TOTAL lcr\^*th c^f I5J dm. 

Bu 七 pavty plarmer hds made 15.1 c,mn of 

s*tidk visible oh *the ou*tsidc o-f *the ora^c. 

This rmedr\s 七 ha 七 sticks y/ill be *too lor\$ 

as -they will have of 15.1 + radius 

of orange. 

l-f *thc sticks arc *too loy\^ -there y/ill be gaps 
brty/cch *thc blocks of dhccsc. 

TKis is dis*t3^dc 

*tKa*t *tKc party 
plarmevs at6dcy\*tally 

>wi*tK - *tKc 
disia^e -fvorw {\\t 

Distance from ^ ^ suv-fadc c^f i\\t ova 哼 . 




The party planners had programmed their 
machine incorrectly, using the distance 
from the surface of the orange. 

They should have used the radius - the 
distance from the center. 

Fortunately, it was only a prototype, and you 
soon have them back on track ... 
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The party's ow! 

The party planners are thrilled. In fact, they’ve already 
had more orders for different size cheese globes 

With an ability to churn out different sizes thanks to 
your flexible equation for working out cocktail stick 
sizes, you’re ready to turn these unique (and spiky) 
cheese globes into big business. 
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buzz, buzz, buzz lightyear 


To iwfiwity 一 and beyond! 

The lead astronaut on the Head First space station 
has been chosen to boldly go where no man has 
gone before - to the edge of the solar system! Your 
job is to work out how to get him there. 





as (ar av/ay -fv-om 
tav-tK as *tKc 
-to Plu*to’s ovbi 七 . 


\ 


Sun 


o 




Earth 



The oirbiis 

_ bui 
y° u 9 ^ ihe \dca. 




〆 


〆 


y 〆 1 


This skeHs MOT *to 


Pluto 




When you launch an object directly upwards, 
sooner or later it comes back down. If the 
astronaut is to make it to the edge of the 
solar system, he needs to be able to keep on 
going and going - without being brought 
back down to Earth! 


Initial velocity 
object ♦ 




r^ v o 

l^'rbial Idu^h 

velocity 

spaceship 


A 


Spaceship’s 

*tv-ajct*tov-y 



^ o( 

•the Eav-*bh 


sdalc- l-f i*t was, Plu*to 
would be 午 O -times as -fav- 
av/ay -fv-om Sum as 
■the Ea\rth is. 

TV s aut\trahoY\ 

due -to yavrby dotsr!i ■ 
defend oy\ i*U mass. So you 
do^*t v\ttd *to v^rry about 
ihc mass of i\\t sfatcsKif 
as i*b buv-r\s -fuel- 


Since you’re able to use a spaceship, this 
sounds easy at first - but you can’t accelerate 
forever, as you’d run out of fuel! Your best 
strategy is to blast off to achieve as high a 
velocity as possible - after all, the greater 
the upwards velocity, the greater the time an 
object will spend away from the Earth. 

You need to calculate the escape velocity 
for the Earth - the velocity that the astronaut 
needs to reach at the start when he’s close to 
Earth so as to not fall back down again. (You 
may need to work out other things for later on 
in the mission, but the escape velocity for the 
earth is enough to be getting on with for now!) 
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gravitation and orbits 


So were sending an 
astronaut off to the edge of 
the solar system? Cool! 


Jim: Yeah, we just need to run the 
spaceship’s engine as hard as possible 
for as long as possible. That gives the 
astronaut the largest possible velocity 
at the start - and the best chance of 
making it. 

Joe: But how do we guarantee that’s 
going to be good enough? What if 
the astronaut falls back down to Earth 
again, like a football does when you 
throw it up in the air? 

Frank: Well, let’s work it out. I looked 
up the distance to Pluto’s orbit, and it’s 
around 6 x 10 12 m.“ 

Jim: ...and acceleration due to the 

Earth’s gravity is 9.8 m/s 2 ... 

Frank: Wait... you mean negative 
9.8 m/s 2 , right? The acceleration needs 
to be negative if we’re calling “away 
from the Earth” the positive direction. 

Joe: OK, so we know the 
displacement and the acceleration, 

and let’s say that he needs to have a 
velocity of 0 m/s when he reaches 
Pluto’s orbit. That’s the smallest velocity 
he could have by that point and still 
make it. 

Jim: Let’s get on with the calculation! 



This dis*td^e is a million times 
ya*tcv tha 灼 the v-adius <^f 
the only has oy\c 

digit. So it docs / 七 
\rcally i-f this dis-ta^e 

is measured -firom o\r 

o-f *thc Eav-th. 


— your pencil 


a. Pluto’s orbit is 6 x 10 12 m (1 sd) from Earth. If the acceleration 
due to the Earth’s gravity is constant throughout the journey, 
work out the velocity that a spaceship needs to have at the start 
in order to escape from Earth. 


b. How practical does your answer feel to you? 
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what about gravity? 


r ^Jharpen your pencil 

Solution 


a. Pluto’s orbit is 6 x 10 12 m (1 sd) from Earth. If the acceleration 
due to the Earth’s gravity is constant throughout the journey, 
work out the velocity that a spaceship needs to have at the start 
in order to escape from Earth. 

V — O m/s X 二厶 x IO IZ m 

小 


Suppose spadeship has velodi-ty 

0 m/s by time i 七 

reaches Plu*to’s orbit 

二 v 2 ■ + Za(%-% ) 

O o £ . 

v 2 ■— v z - Za(>c->c) 


V 


? 


o 


V 


oC 


0 


B — 一卞 0 m/s Z 






o 


O 


o 


o 






V 


o - zx x Uxio lz - o) 

l x 10 11 m/s (I sd) 


TKc speed o-f li ☆七 
is ^ ^ I O e tt \/s 



b. How practical does your answer feel to you? 

This is very, very, very -fast |*ts IOOOOO -times 
-faster *thar\ 七 he speed of ligh-t ( 七 he lav-ges-t speed a 
r«a*tcvial body have) so is jus 七 to-tally impossible/ 



Your eejuations oi 
motion only work ii tke 
acceleration is constant. 


Jim: Yeah, you can’t get a spaceship - or anything else to go faster 
than the speed of light! 

Frank: But real space probes have gone past Pluto and even left the 
solar system before. So it must be possible ... 

Joe: What if the effect of the Earth’s gravity gets less as you 
go further away? 

Frank: How do you mean? 

Joe: Well, sounds are quieter if you’re further away from their 
source. And lights are less bright. Maybe it’s the same with gravity. 

Jim: You mean your acceleration due to gravity might get 
smaller as you move further away? 

Frank: Oh yeah ... the equations of motion we used assumed that 
the acceleration due to gravity was constant for the whole journey 

Jim: Good point. If the acceleration changes as you get further 
away, we can’t use those equations of motion - they only work for a 
situation with constant acceleration. 

Joe: Let’s try to work out how the acceleration changes as you get 
further away from the Earth ... 
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gravitation and orbits 


Earth's gravitational force ow you 
becomes weaker as you go further away 

When you’re near the Earth, you experience a gravitational force 
because the stuff you’re made of and the stuff the Earth’s made of 
attract each other. But as the distance between you and the Earth 

increases, the gravitational force gets weaker. In the same way, 
sounds get quieter and lights get less bright as you increase the distance 
between yourself and the source of the sound or light. 

As the gravitational force on you gets smaller, your acceleration due 
to gravity also decreases (as F iet = ma). So your acceleration isn’t 
constant. That means you can’t use your equations of motion here, as 
they only work when the acceleration is constant. 

But how does the gravitational force change as you get further away? 


— your pencil 


一一 



壯 Earth’s 

a 匕匕 elevation due *to 
gravity =• °[ ^ m/s Z 


Fuirthcv- oui, V 
due 

•fco yav’rty is smallev ". -- J 



〆 


f[Y\d out 

a^^dev-atio^ due -to 
yavity is smaller. 


〆 


The brightness of a light becomes less as you get further away. In this picture, you have a spherical light 
that emits light equally in all directions, and you look at it with your eye from two different distances. 
Assume that the pupil of your eye (the bit that lets the light in) has the same area at both distances. 

Explain why the light appears dimmer when you are further away. 


youv 
eye at o^c 



...and 七一 
a 七 a lavyv 

distaste- 


W\v\b Have you 
一 any-bK'm^ *bKa*b looks a bit 
like 七 Wis vctc^*tly? 
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distance matters 


； ^|l^rpen your pei 


ncil 
Solution 


The brightness of a light is something that becomes weaker as you get further away. In this picture, you have 
a spherical light that emits light equally in all directions, and you look at it with your eye from two different 
distances. Assume that the pupil of your eye (the bit that lets the light in) has the same area at both distances. 

Explain why the light appears dimmer when you are further away. 


/ 


/ 


Closcv ； youv eye has all 
*tv/o I’mes m*to i 七 . 


Fuv-thcv av/ay, youv- eye 
ov\\y has some ok ||#七 
-rvom bctv/cc^ -the same 
"two Imcs 'm-fco it 


/\s 七 he 1 吵七 goes away -from -the bulb, 
i*t spreads ou 七 more. 



>w 伙七 m 七 he 
dlosc eye do^^-t 50 

•m iht -Pav- away eye- 


At distance r p all of the light coming from the bulb is 
spread out over the area 

At distance r 2 , the light is spread out over the area 4m 2 2 

The same amount of light it spread out over each 
surface. However, at a greater distance there’s less light 
available per square meter, as there are more square 
meters of surface for the light to spread out over. 

So the light looks less bright from further away. 


Tke furtker you 
are from a ligkt, 
tke greater tke 

SURFACE AREA 

it’s spreact over. 
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The dose eye has all 七 he li^lvt wrtlVm 
*two heavy I'mcs ^o*m^ *m*bo i*t- 


The -far away eye or\ly has a part c^f 

■this li^lvt 30 … 3 *m*to i*t - so *the bulb 
looks -fv-om -fuvthcv dv/dy- 


Surface area 
S. = Am} 


•fv-om -fuv-thev 
away ； as spv-cad 
over lav-jcv- 
su\r-fa^c av-ca. 



SdmC a 你。 ⑽七 o*f 

|吵七 is spv-cad out ’ ― 
ovcv cadh sphcv-c. I 




N» j 


‘〆 


〆 


Z 
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Err ... what does light spreading out 
have to do with getting an astronaut 
to the edge of the solar system? 


Light intensity and gravitational field strength 
both depend on the surface area of spheres. 

You have been representing light using rays that start in the 
center and spread out. The rays show you the direction 
that the light is traveling in. 

As light rays spread out, the surface area that the light’s 
spread over increases. So the intensity of the light decreases. 


You can represent the Earth’s 
gravitational field in a similar way by 
using gravitational field lines. The 

lines show you the direction an object 
will accelerate in if the gravitational 
force is the only force acting on it. The 
object will accelerate along a line, 
moving closer to the Earth. 

As the gravitational field lines spread 
out, the surface area of a sphere at that 
radius increases. So the gravitational 
field strength decreases. 

/ The yavi*ta*tio^al -field 

is a^o*thcv 灼 -fov the 
a^^clcv-a*tio^ due -to yavi-ty. 


Gravitational iielct lines 

sliow you tlie DIRECTION 

tkat an object will 
accelerate in. 


\r By\A \r av-c radius vc^-tov-s away 

-fv-om the o( the sphcv-c- Most O-f 

the time wc av-c mtcrcstcd m *thc distaMc, 
bui 七 sometimes wc will be m the 

as \r is m *thc opposite dircd ： io 灼 

-f\rom a^clcV"3*tio^ by the 

yavi*ta*bio^al -field- 


surface area 
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how close are the lines? 



I guess the gravitational 
field lines are imaginary - they 
don’t really exist... right?! 


The spacing between the 
lines shows you the strength 
of the gravitational field. 

The closer together the field lines are, 
the stronger the gravitational field 
is. They’re close together close to 
the Earth, then they spread out - just 
like the light from the bulb you were 
thinking about a couple of pages ago. 


—avitatio 灼 al 

-field has -the 

the sarwc \radius. 


Close -field Imcs 



Fu\rbhcv- apart 

field Imes 二 


The field lines themselves don’t 
physically exist. The field lines are a tool 
you can use to help you visualize what 
happens to the gravitational field. 


Tke closer together tke 
fielct lines，tke stronger tke 
lielJi (so tke greater tke 
acceleration ctue to gravity). 



- Dumb Questi9ns — 

Why is this called a gravitational 
field? Surely gravitational acceleration or 
gravitational force is a better? 

The ‘field’ is a way of visualizing what’s 
going on with the strength of the acceleration 
due to gravity. Gravitational field strength has 
units m/s 2 , the same as acceleration. Close 
to the Earth, the gravitational field strength is 
9.8 m/s 2 , but further away it’s lower. 

If I’m drawing gravitational field lines 
on a picture, is there a standard number of 
lines that I should draw? Should I always 
draw 32 lines, like in these pictures? 

There’s no strict rule - you should draw 
as many field lines as help you visualize 
what’s happening. Probably at least eight is a 
good rule of thumb. 

So what’s the connection between 
gravitational field and gravitational force? 

The gravitational field represents the 
acceleration due to gravity that an object 
would experience if it was placed at that point. 
You can get from there to the gravitational 
force using F net = ma 

And the gravitational force is just the 
same as an object’s weight, right? 

Absolutely! Though you now know that 
the force - and therefore the weight - will vary 
depending on the distance from Earth. 

So ■ what’s the equation for that? 

Funny you should ask ... 
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(^^rpen your pencil 


You want to work out an equation for the gravitational force that a spaceship experiences at any distance 
from the Earth 


a. What happens to the surface area of a sphere if b. The gravitational force depends on the distance 
you double its radius? something is from the Earth. If you’re further away, 

will the gravitational force be larger or smaller? 


c. The gravitational field gets 'spread out’ over the 
surface area of a sphere as you get further away, 
in the same way as light does. What do you think 
will happen to the gravitational field strength if 
you double the distance between you and the 
Earth (i.e. double the radius)? 


d. What do you think would happen to the 
gravitational force if you double your mass? 



m3- 


e. What do you think would happen to the gravitational 
force if you doubled the mass of the Earth? ^ ) 


f. Here are four equations. In each equation, G is a constant (and a conversion factor) that will make the 
numbers and units work out later on. For each equation, write down whether what happens to the size of 
the gravitational force, F G , when you change r (the distance of the object from the Earth), m 1 (the mass of the 
Earth) or m 2 (the mass of the object) is what you’d expect in real life. Circle the equation you think is correct. 


F fo'mis 
•towavds the 
Eav-tK by\A v 

pom*ts away. |r> 
^vavi*ta*tio^, rt’s 
to^ve^*tior>al *to 
•mdude d m’mus 
siy> *to show 
div-cd*tio^s 
v- 

avc offosi*tc 
-though 

七 his is a sdalav 
C<\ua*tior> -Pov 
七 s'izjC o-PP. 


G 




Gm^m 2 r 2 


GrrLm 


2 


G 


r 





is a 灼七七 1 ^七 

makes ur^rts v/ovk 

ou*t- So dor / 七 wovvy 
abou 七 ur>i*ts V"i ^> 七 y\o\n- 


=Gm.m, 

r 2 
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which equation? 


r c^Jharpen your pencil_ 

Solution 

You want to work out an equation for the gravitational force that a spaceship experiences at any distance 
from the Earth 


a. What happens to the surface area of a sphere if 
you double its radius? 


Look badlT^ 
a 七七 he 

Ko Pumb 

6 ^uCS*t*ioy>s 
oy\ 

(or 

C%plair>atioir>. 




l-f you double 七 he radius, you ^uadvuple *th 
sur+adc area, as S — 午 Jiv z 扣 <1 Z z 二午 . 


t 


c. The gravitational field gets 'spread out’ over the 
surface area of a sphere as you get further away, 
in the same way as light does. What do you think 
will happen to the gravitational field strength if 
you double the distance between you and the 
Earth (i.e. double the radius)? 


l-f you double radius, you quadruple 
sur+ade area -that 七 he -field will be spy-cad 
ou 七 over. So I 七 hmk 七 ha 七七 he -field 
y/ould decrease by a -fad*to\r of -four. 


b.The gravitational force depends on the distance 
something is from the Earth. If you’re further away, 
will the gravitational force be larger or smaller? 

|-f youVe -fuvthcv dwdy ； ^\ravi*ta*tior\al -fordc 
will be smaller. 


d. What do you think would happen to the 名 
gravitational force if you double your mass? ^ 

l-f you double your mass, you double *the force, J 
as F =1 / 

W\y\b F-ma. 


e. What do you think would happen to the gravitational 
force if you doubled the mass of the Earth? — 

l-f you double mass of -the you 

double i*b g\ravi*ta*tiohal attvadtioh *to you 

(F ― irwcl). /\ s 3V-avi*ta*tior\al forces c^ist *m 

Newtons ZyA Lay/ pairs, 七 he ^orct 七 

Eav-th c%c\rts oy\ you rwust dlso double. 


f. Here are four equations. In each equation, G is a constant (and a conversion factor) that will make the 
numbers and units work out later on. For each equation, write down whether what happens to the size of 
the gravitational force, F G , when you change r (the distance of the object from the Earth), m 1 (the mass of the 
Earth) or m 2 (the mass of the object) is what you’d expect in real life. Circle the equation you think is correct. 


G 


Gm 


Wyoy\^ - i-f you mdv-casc r, 
of gets larger. 



GrrLm 


G 



Wyoy\^ - i-f you double v, 
s'izjc of or\ly halves. 


G 


Gmj 

1 & 


WrOY\^ - i-f you ihdrease nry S\ZJt 

o-f F gets smaller. 



Ri^vt — Doublih^ mn i or mn^ doubles siz_c 
o-f F . Poubl'm^ r ^uavtcvs F . 
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ftravitatiow is m iwversg square law 

The gravitational force between two objects depends on 

X . 

If you double the distance, you decrease the force by 
a factor of 4. Something that behaves like this is said to 
follow an inverse square law. 

This is because an inverse is 1 divided by something - in 
this case - and the square part comes from the fact 
that the thing doing the dividing is squared. 



Thjc o( 

v* is double the 
o( v- ( . So 
■the yavi*ta*bio^al 
-field s*bv-c^^*th is 

午 times smaller a*t 

\r i*t is a*t V-. 


The o-f v*^ is -fouv times the 

o-f \r • So *thc jv-av'rta-tio^al 
-field is l^> times smaller 3*t 

v i*t is a*t v-. because 午 2 ■二 I 石 


c^i|^rpeti yoar pencil 


You’ve realized that equation below 
does all the right things when you 
change the masses and the radius. 

Work out what SI units G must have 
to make both sides of the equation 
have the same units. 


tJiereictre no ^ 

— Dumb Questi9ns — 

Q/ But the surface of the Earth is the 
zero point for distance, right? Doesn’t that 
equation go all weird with a zero on the 
bottom when you’re at the surface? 

r is the distance from the CENTER of the 
Earth, not the distance from the surface of the 
Earth. When you’re at the surface of the Earth, r 
is just the radius of the Earth. And when you’re 
further away, r is your distance from the center. 

^^'Doesn’t the force depend on 士 rather 
than 72, as the surface area is 477T 2 ? 

The 47 t is a constant. Whatever you do to 
r (double it, half it, etc), the 477 doesn't change. 

So it’s not right to say that the gravitational force 
‘depends’ on the An. 

What are the units of G? 

You can work that out... 



tt'mt Po /七 use Kcwto^s -fov 

•fov-dc. Work out more 灼 *tal 

u^i*U -fov (orCt (based oy\ kj, m 


Be vcv-y da\rc-ful with rw (or mass 
rw -fo\r metevs/ 
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c^ij^rpen your pencil 

Solution 


You’ve realized that equation below 
does all the right things when you 
change the masses and the radius. 

Work out what SI units G must have 
to make both sides of the equation 
have the same units. 


IVov-k out "the u^i^ts o( 
eadh side mdividually -Piv-s-t. 



Gm.m 


G 


i*b, 


um 


you Yt y/o\rKm< 
its sa-rcst *to 


ov-kmg y/ith 
fu*t 

do*ts between them, as you 

may *tv-ca*t like k x 5, 
as i-f k and the 5 av-c 
di-P-fcv-c^t vaviablcs. 



0 


Uhi*ts o-f lc-f*t hdhd side: 
F - ma 

[p ] 二 CmJCaJ = 




]/\lr\it 七 he ur\i*b out usm^ 
-fra^tioy\s rai\\tr m 
W m/s” -foym, 3s it w'Skcs 
i\\t aljcWa easier. 




s 


z 


Ur\i*ts of vi^lvt hdhd side: 
Equation is - 

U,iis are 





z 


Cr z 3 


z 


Uhits arc sa^e oy\ bo-th sides, so rearrange bo solve -for L 6 \ 3 - 



3 .你 一 C^ 3 *k^ _k 

~ ^ ~ 


z 


C ^3 



ker.m.m 


k 3 .s z 



C6j] means Wrbs d 今 ’ 


You da 灼 v-cav-v-a^jc 

u^its c^uatio^s jus-t 
like you dart v-cav-va^jc 
o-thev- e 、 ua 七 iems. 


G is like a conversion factor which 
makes the units and numbers correct. 

If you’re working in SI units, F Q will be in Newtons, 
m x and m 2 in kg and r in meters. The first job G 
does is to give both sides of the equation the same 
units - as you’ve just worked out. 

The second job that G does is to make the 
numbers correct. If you just multiply m x and m 2 
together then divide by r 2 , the numerical answer 
you get won’t be equal to the force in Newtons. 

G is kinda like a conversion factor - a constant that 
makes the numbers correct as well. For this reason, 
G is called the gravitational constant. 

G is tke gravitational constant. 
It makes l>otk tke units and 
tke nuititers work out. 
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gravitation and orbits 


产 So we can calculate the force 
f for any combination of masses 
and distances. That rocks! 

Jim: Um, not quite. We don’t know what G is in the equation. Well 
I mean, we know its units, but we don’t know its size. If only we 
had a way of working that out. 

Joe: Well, we’ve got one equation, and G is an unknown. As long 
as G is the only unknown, we can use the equation to calculate the 
value of G. 

Frank: I guess we already know that acceleration due to 
gravity at the Earth’s surface is 9.8 m/s 2 . That’s gotta give us a 
few things we can use in that equation. 

Joe: And I just found the radius and mass of the Earth in a 
textbook. So we know those two things as well. I think that should 
be enough to work out the value of G... 



your pencil 



a. By considering the acceleration due to gravity at the 
Earth’s surface, use the equation and the ready-bake facts 
to work out the value of G, the gravitational constant. 


Ba 辦 facts 

Mass of the Earth: 

5-97 x 10 24 kg 

Radius of the Earth: 

6.38 x 10 6 m 



Gravitational force between 
two masses: 

Gm.m 


The rwihus sigh is just a ^ohVChtio^ {o show thol-t F diY\d V- avc 
ih dWccho^s. 1 ( youVc wov-kmg wi-fch -the sIzE F 

you da” leave the rw’mus s 咖 out o*f youv - 匕 al 匕 ubtiems. 


6 / 


b. Use the value for G you worked out in part a to calculate the acceleration due to the Earth’s gravity that a 
spaceship experiences at Pluto's orbit, which is 6 x 10 12 m (1 sd) from Earth. 
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G is a constant 


成 E ^ 


(^Jterpen your pencil 

Solution 




a. By considering the acceleration due to gravity at the 
Earth’s surface, use the equation and the ready-bake facts 
to work out the value of G, the gravitational constant. 

Make -the mass of objed-t Bv\d -the mass 
the EartK. a — 1-8 Ws 1 ai Earth's sur-fa^e. 


Ba 料 facts 

Mass of the Earth: 

5-97 x 10 24 kg 

Radius of the Earth: 

6.38 x 10 6 m 


F 二 〆 a 




i>.ie X IO h 

40 


a 



5.T7 x \o^ k( 


? 




av 


X 


z 


x (h.ie x io 6 ) z 
^"5.T7 x 10^ 



Gravitational force between 
two masses: 

GrrLm 


x lO" 11 


I nc Sl^y> 6 - -- || 

div-cdtior^s. Wtrt, v/c'vc used c<\uatioy> v/i*tK 
y^ s 2. 七 mmus S’iy> *to daldulatc *tKc SIZE- 


b. Use the value for G you worked out in part a to calculate the acceleration due to the Earth’s gravity that a 
spaceship experiences at Pluto’s orbit, which is 6 x 10 12 m (1 sd) from Earth. 


F 二 A 




今 a 


z 


z 


U8x |Q^x IQ^ 

0 > x IO lz ) z 



X 10'" m/s z (I sd) 



Do I have to calculate the 
value of G like this every time I 
want to use it? That stinks! 


G is a constant that you can 
look up when you need it. 

G* is a fundamental physical constant. 

It’s not a number you have to remember 
or calculate every time, and we’ve 
included its value in the appendix, so 
you can look it up if you need it. 

If you’re taking an exam, the value 
of G will be given in your table of 
information - so you can just look it up 
there and use the value in your equation. 



— Dumb Questi9ns — 

How did people work out the mass of 
the Earth in the first place? 

Historically, the mass of the Earth was 
worked out from G. G was originally worked 
out from experiments that measured the 
gravitational attraction between large masses, 
like cannonballs. 

You mean that it’s not just the Earth 
that attracts things gravitationally? 

Precisely! Everything that’s made of stuff 
attracts everything else gravitationally. It's just 
that the effect isn’t very large unless one of the 
objects you're dealing with has a very large mass 
(like the Earth), so you don’t usually notice. 
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gravitation and orbits 


r^l^rpen your pencil 


Gravitation is an inverse square 
the Earth, it will only experience 


si 沪 shows tha-t ahd v- arc *m opposite div-cdtiohs. 
utYtt wc vc used the c^uatioh wi-thout "the rw’mus siy "fco 
daldubtc the S|^-E o-f F ； *thc\rc-fov*c the siz^ o( d. 


law. This means that if you double the distance that an object is from 
a quarter of the gravitational force that it did in its previous position. 


But what does an inverse square law look like? A graph will help you visualize it. 


F 


a. Fill in the values of the 
gravitational field strength 
at a variety of distances from 
Earth. G, the gravitational 
constant, is 6.67 x 10 11 m 3 /kg.s 2 . 
m E , the mass of the Earth, is 
5.97 x 10 24 kg. The radius of the 
Earth is 6.4 x 10 6 m (rounded to 
2 sd) to make the figures easier. 

Hm 七 : look a 七 Kow -tKc values 
•m table … 

b. Draw a graph with the 
distance from the Earth on 
the horizontal axis and the 
gravitational force on the 
vertical axis. 


Distance from 
Earth (m) 

a - ^ m E is -the m3ss o( -the Ea\rtK. 

6.4 xio 6 


1.28 xio 7 


1.92 xio 7 


2.56 xio 7 


5 . 12 x 10 7 

_ 
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inverse square relationships 


(parpen your pencil 

Solution 


You y\ttA b> 
\rcmcmbcv- h> 
s<^ua\rc v-.' - ^ 


You either ddlduld*be cadh of -these 
values mdividually, or use 七 he inverse square 
v-cla*tiohship (double *the dis-ta^dc, ^uavtcv" -the 
-fordc) oy\Cc you vc ddlduld*bed *thc -fi\rs*t value- 


Gravitation is an inverse square law. This means tha\if you double the distance that an object is from 
the Earth, it will only experience a quarter of the gravikitional force that it did in its previous position. 

But what does an inverse square law look like? A graph\/vill help you visualize it. 

a. Fill in the values of the 
gravitational field strength 
at a variety of distances from 
Earth. G, the gravitational 
constant, is 6.67 x 10 11 mVkg.s 2 . 
m E , the mass of the Earth, is 
5.97 x 10 24 kg. The radius of the 
Earth is 6.4 x 10 6 m (rounded to 
2 sd) to make the figures easier. 

七 :look a 七 hoy/ 七 ^ values * - ^ 

•m i\\t table mdrcasc... 

b. Draw a graph with the 
distance from the Earth on 
the horizontal axis and the 
gravitational force on the 
vertical axis. 


Distance from 
Earth (m) 

« - G 爪 E i s 七 k mass q k 

6.40 x 1 o 6 

m/s Z (Z sd) 

1.28 xio 7 

Z. 衫 m/s z (Z sd) 

1.92 xio 7 

\m m/s Z (Z sd) 

2.56 xio 7 

0.i>0e m/s Z (Z sd) 

5.12x10 7 

O.l 弓 Z m/s Z Cl sd) 



知 vibWal -field sbrt^ih : Jllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll^ 


U/s 1 ) 


Plo*t o-f ^Vcivi-tol-tiohcll -field s*brejr^ 七 h vs. displ«ldCmCh*t -fvom Eolvth 



DispladCmCh*t 

Eav-th 

(m X IO h ) 


I Eairth \rddius 


Z Eav-th \rddii 


Its "bo do 七 his v/rth 七 he sdale oy\ a yaph —^ 
i-P 七 he ^u^bev-s av-c vcv-y lav-jc ov- vcv-y small- _ 
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gravitation and orbits 


Now you caw calculate the force ow the 
spaceship at awy distance from the Earth 

An astronaut is going from the Earth to the outer reaches of the solar 
system. We’re trying to calculate his escape velocity - the speed he 
needs to be going at so as to not fall back down to Earth again. 

You’ve realized that the Earth’s gravitational field must get smaller as you 
move further away from the Earth. This means that the acceleration of 
an astronaut’s spaceship due to the gravitational field isn’t constant - and, 
therefore, the force that the spaceship experiences isn’t constant either. 


Gravitational 
field strength 



The Eav-th ; s gv-avi-tatiohal 
-field dv-ops of-f 

v-apidly wi*th displadcmcht 


Displacement 


This is dh ihvcvsc 
s^uav-c \rdaiiohsliip. 


You’ve worked out that the 
gravitational field strength 
follows an inverse square 

relationship. If you double the 
displacement, you quarter the 
strength of the gravitational 
field - and also quarter the 
gravitational force that the 
spaceship experiences. 

As the force (and acceleration) 
aren’t constant, you can’t use 
equations of motion to calculate 
the escape velocity. 

V v/ou C^Y\ only use 

- o-f motion 


You have a problem where the force acting on the 
spaceship isn’t constant - so its acceleration isn’t 
constant and you can’t use equations of motion. 

Can you think of a different method you can use 
to calculate the escape velocity? 
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gravitational potential energy 


So we know the force on the astronaut's 
spaceship whatever its displacement from 
the Earth. Sweet! 


0 





^ Tht tv-ip is ^m^TR\ChL. The 


escape velocity is *bhc same as 
y/ha*t Vouv velocity would be i*t Vou 



Jim: Not so fast. We need to calculate the velocity that the 
astronaut needs to be going at to escape from the Earth. 

Joe: Yeah, it’s a problem. All the equations of motion we know 
about are for an object with constant acceleration. But the 
acceleration due to gravity isn’t constant 

Frank: Haven’t we dealt with a non-constant acceleration 

before? When we worked out a bobsled’s velocity at the bottom of a 
bumpy hill. 

Joe: Yep - the component of the gravitational force accelerating 
the bobsled changed when the steepness of the hill changed. So the 
force wasn’t constant, and since F = ma, the acceleration wasn’t 
constant. How did we fix that again? 

Frank: Didn’t we use energy conservation? 

Joe: Yeah, we said that the bobsled’s potential energy at the top 
of the slope was transferred to kinetic energy at the bottom of 
the slope - whatever the shape of the slope in between. 

Frank: It was just the difference in height that was important. 

Jim: Gan we do the same for the spaceship? Gan we pretend that 
it starts out very far away with lots of potential energy, then “falls” 
back down to Earth? It’d be symmetrical, right? The velocity 
you need to escape from the Earth would be the same as 
the velocity you end up with when you fall to Earth. 

Joe: The change in potential energy is the same size as the change 
in kinetic energy, so we can use K — V^mv 2 to calculate the velocity! 

Frank: Cool. So we just say U — mgh to calculate the change in 

§ 

potential energy, and we’re nearly done! 

Jim: Um ... I’m not so sure. The c g’ in that equation is the 
acceleration due to gravity, isn’t it? But that isn’t constant here! 

Joe: Hmm. The equation U — mgh originally comes from 

§ 

work = force x displacement, doesn’t it. And it works over 
displacements on a scale of a few hundred meters. So can we break 
down the force-displacement graph into little portions of a few 
hundred meters each, calculate the work done for each portion, 
then add them together to get the total work done? 

Frank: Or can we try to look up a book to get an equation for the 
gravitational potential energy when you’re far away? 


742 Chapter 18 







gravitation and orbits 


The potential energy is the area 
under the force-displacement graph 

You give an object potential energy, U, by doing work on the 
object against the force of gravity. As Work = FAx, close to the 
Earth you can say U — mgh, where mg is the gravitational force 
and h is the object’s change in height. 

A visual way of showing this is to say that the potential energy is 
equal to the area under the force-displacement graph. 


But if you’re going a long way from the Earth, 
the force changes as the displacement changes. 

This means that it’s not so easy to calculate the 
area under the force-displacement graph - and, 
therefore, not so easy to calculate the change in 
potential energy. 

(oru is a ^oyu } 从⑼ 

dUc 二 m j^ravitatioi^al potc^ial 





FA^ is y/o\rk doy\t ar\d is 
c<\ual -to the aired ur\dcv- -the 
仏代亡一 displa 乙 cm ⑶七 jv-aph. 


Fov-dc 

as dispbdemerrt 
c\)By\^cs. 


O 


To save you having to calculate 
the area under the curved graph 
(difficult!) we’ve provided a 
ready-bake equation for the 
gravitational potential energy. 



■T 

E%vatipH 


:^|harpeii your pencil 


Displacement 


a. According to the ready bake equation, what is the 
value of U when r is very, very large (i.e., infinite)? 



b. According to the ready bake equation, what is the value of U at 
the Earth’s surface for a 10.0 kg mass? (The radius of the Earth is 
6.38 x 10 6 m and its mass is 5.97 x 10 24 kg. G is 6.67 x 10 11 m 3 /kg.s 2 ) 


If you’re taking an exam, you’ll see 
this on your equation sheet. 


c. Comment on your answers. 
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measure change 


■ ^iharpen your pencil 

Solution 



Reapy Bane 

E^uatipH 


a. According to the ready bake equation, what is the 
value of U when r is very, very large (i.e., infinite)? 

W\\tv\ v- is vev-y very lav-ge, U =■ 0 J, as you arc divid'm^ 
by a very very large number ar\d v* dom'ma*tcs. 

b. According to the ready bake equation, what is the value of U at 
the Earth’s surface for a 10.0 kg mass? (The radius of the Earth is 
6.38 x 10 6 m and its mass is 5.97 x 10 24 kg. G is 6.67 x 10 11 m 3 /kg.s 2 ) 

/\*t s sur-fade, v- is \rddius o-f 



U 


mrvr» 


z 


V 


u 


一 k.hl x IQ- 11 x 10.0 x ^.°f\ x \Q^ 

i>.l9 x lO b 

x IO e J (3 sd) 


c. Comment on your answers. 


Wt\Ydl Last W 二 O a 七七 he sur-fade, ^o*t a*t A 灼 d 

\wi*th hC^ativc humbev a*t s su\r-fadc?| 


_ 





Didn*t we say before that U = 0 at the 
Earth's surface - and what’s with the negative 
numbers? The equation must be wrong! 



You can only measure changes in energy. 

If you know the change in potential energy 

between the surface of the Earth and the edge of the 
solar system, you can say that an identical amount of 
kinetic energy must be transferred to get there - then 
use this to work out the escape velocity, as K= V 2 mv 2 . 

As it’s the change in potential energy that’s important, 
it doesn’t matter what the absolute values you calculate 
are - as long as the change is the same. 

It’s like putting an object part-way along a ruler. If one 
end of the object is at the mark that says 2.0 cm and 
the other end is at the 4.0 cm mark, you can see that 
the object is 2.0 cm long. Same goes if your object is 
between the 28.0 cm and 30.0 cm marks. The object is 
still 2.0 cm, long, and where you choose to count from 
on your scale doesn’t affect this. 


Its iht rn 

yav'rta*bio^al po-tc^tial 
ty\Cr^f that allows you 
*to do ^akulaiio^s, ^o*b 
■the absolute values. 



A(/=6.24x 10 8 J 

START __ FINISH 

(Pluto) 


(Earth) 

V ： Kinetic > 





v = 


L/=-6.24 x 10 8 J 



FINISH START 



AlX will have the same SlZ-t 

di\TC^*tio^ you make -the tv-ip \y\, but m oy\C 
div-C^*tio^ the v/ill be positive (as 

you lose kmctid By\A m the othev 

di\rc£-*tio^ will be negative (as you 

kmcti 乙 c^cv-jy). 
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gravitation and orbits 


If 1/ 55 0 at iwfiwity, the equation 
works for awy star or planet 

Saying that = 0 at the Earth’s surface is great if 
you’re close to the Earth’s surface, when you can take 
g = 9.8 m/s 2 to be a constant. In that context, you’d almost 
always define zero potential energy to be at ground level, 
as this is a common reference point for everything. 

But if you’re moving away from the Sun or another planet, 
the Earth’s surface isn’t a good reference point! 



l iss itS 

i, havc a dc ^ ed 

bo,l,h 9 of 

e: 认 oc 广 d /崎 But ih^s ,oi a 

Z y T ^ ^ poi，t 

depends oh you be” oh Eavth. 

Your kave your maximum 
possible potential energy 
wlien you’re at iniinity. 


for -tcmpcv-atuv-c, s^ic^*bis*b use the ^clv'm 
s 匕 ale, Absolute zjC\to” is dc-f'mcd 

as *thc lowest *tcmpc\ra*buv-c -thcov-c-ti^ally 
possible- Ko OY\t has CVCV veadhed absolute 
zjcv^o — jus*b like y\o oy\c has cvev* vea 乙 hed / 
•nrvfmi*ty - but ddmmg a 的 
dommo 的 po'mt like this jives you 

a you cby\ mcasuv-c cvcv-yth'mj 

else aja'mst. 




So rather than having a different reference point for every one 
of the (estimated) 10 22 stars and planets in the universe, it’s 
better to use a common reference point that is the same 
for any star or planet, regardless of its mass and the distance an 
object is from it. 

That common reference point is the place where you have 

maximum gravitational potential energy. This has to be 
when you have the maximum possible displacement from 
the Earth - and the Sun - and all the other stars. We call this 
reference point “being at infinity”. 


So ... you have your maximum potential energy when r is 
very large. And the equation tells us that U = 0 when r is very 
large. So your maximum potential energy is zero?! Doesn’t that mean 
your potential energy will be negative if youre not at infinity? 


= 0 at iniinity. 
Total energy is 
conserveJ, so as 
you gain kinetic 
energy ty lalling, 
your potential 
energy becomes 
negative. 


The values you calculate for the 
potential energy will be negative. 

The further away you are from the surface 
of a planet, the greater your potential energy. 
Defining = 0 at infinity - the furthest you 
can possibly be - means that as you gain kinetic 
energy by falling towards a star or planet, your 
gravitational potential energy becomes negative. 

But that’s OK - the scale hasn’t changed. The 
change in potential energy between two points 
is still the same. Where you choose to count 
from on your scale doesn’t matter. You just have 
to be careful with minus signs! 
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potential energy exposed 



Foteifttiai Energy 妇 rpose 』 

This week’s interview: 

Potential energy answers 
charges of inconsistency. 


Head First： So, potential energy, you’ve been 
accused of inconsistency. What’s the bottom line? 

Potential energy： The bottom line (or zero 
potential energy) is wherever you want it to be. 

Head First： Um... are you implying that even you 
don’t know when you’re equal to zero?! 

Potential energy: Yes... 

Head First： And if you don’t know, how on Earth 
am I - or anyone else - supposed to know? 

Potential energy： I think you’ve got the wrong 
end of the stick there. You can only measure 
changes in potential energy, not absolute values 
And that means you get to choose where zero 
potential energy is. 

Head First： But why’s that useful? 

Potential energy： It gives you a reference point 

to measure changes in potential energy against. 

Head First: Right. But why suddenly put that 
reference point at infinity? I was perfectly happy 
before, when zero was at the surface of the Earth. 

Potential energy： You have to think about the 
bigger picture. When you’re close to the Earth’s 
surface, you can use the simple form of the equation 
U — mgh, because the acceleration due to gravity 
- and therefore the gravitational force - is constant. 

Head First： But why can’t you do the same further 
away from the Earth? 

Potential energy： The gravitational force drops 
off in an inverse square way. So it’s not constant 
- and you need to do more complicated math to 
calculate the change in potential energy. 

Head First： I can see that - but it still doesn’t tell 
me why you suddenly want to put zero at infinity 
instead of the Earth’s surface! 


Potential energy： What if you’re launching your 
spaceship from the moon, or from Mars, not Earth? 

Head First： Um, I guess I put the zero of potential 
energy at the surface of the Moon, or Mars ... 

Potential energy： But that’s very inconsistent, isn’t 
it? How are you supposed to compare all these values 
when you keep on changing where your zero is? 

Head First： Hmmm. You may have a point. But 
I’m finding the concept of negative potential energy 
difficult. I didn’t think energy was a vector. 

Potential energy: I’m not a vector - just like 
temperature isn’t a vector. A temperature of -2°G 
doesn’t point in the opposite direction from a 
temperature of 2°G. The negative sign is just to 
indicate its position on a scale, not a direction. 

Head First： What does that mean in practice? 

Potential energy： OK, try thinking about it like 
this. Suppose you start at infinity with zero total 
energy, then fall towards the Earth (or another star or 
planet) What happens to your kinetic energy? 

Head First： I guess your velocity increases so your 
kinetic energy increases. 

Potential energy： Right! But the total energy 
needs to stay the same. So if you start off with 
zero potential energy and gain, say 100 J of kinetic 
energy, your new potential energy must be -100 J. 

Head First： OK ... but all these messy negative 
numbers make the math tricker, right?! 

Potential energy： I do admit, that’s the down 
side of putting zero at infinity. But as long as you’re 
careful you’ll be OK. You’re dealing with changes 
in potential energy - so going further away from a 
planet is still a positive change - like going from a 
temperature of -40°G to -2°G is a change of 38°G. 

Head First： Thank you - that’s much clearer now. 
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gravitation and orbits 


Use energy conservation to calculate 
the astrowaufs escape velocity 


If the gravitational force on the astronaut’s spaceship 
was constant and didn’t drop off with distance, you 
could just use forces and equations of motion to work 

out his escape velocity. 

But the gravitational force on the spaceship changes as 
he gets further away, so it’s difficult to do the calculation 
using forces. But you can use energy conservation, 
as the spaceship’s kinetic energy at the start must have 
been transferred to potential energy by the end. 





toi^sc\rva*tio^ 
allows you *to do 
problems you 
easily do us'mg (ortes. 


r^l^rpen your pencil 


|*b doesn't 

mass is by 

m, is m as 


Io 灼 3 3s youVc 匕 o 灼 sis*tc 灼 *t 


After a spaceship blasts off from the Earth’s surface, its propulsion 
system is switched off. 


What is the minimum velocity that the spaceship must have to 
successfully escape from the Earth’s gravitational field so that it can 
reach infinity without falling back down again? ^ - 

The radius of the Earth is 6.38 x 10 6 m, and its mass is 
5.97 x 10 24 kg. G, the gravitational constant, is 6.67 x 10' 11 m 3 /kg.s 



l-f you tBY\ escape *to iirvf mrty, you 
tav\ dc-f 'mi-tcly make it *to plu-fcof 
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the sun A?as gravity, too 


c^Jharpen your pencil 

Solution 



After a spaceship blasts off from the Earth’s surface, its propulsion 
system is switched off. 

What is the minimum velocity that the spaceship must have to 
successfully escape from the Earth’s gravitational field so that it can 
reach infinity without falling back down again? 

The radius of the Earth is 6.38 x 10 6 m, and its mass is 

5.97 x 10 24 kg. G, the gravitational constant, is 6.67 x 10 11 m 3 /kg.s 2 


C5> 

Earth’s sur-fadc 
- ? 


v 


o 


-O 


v 


z 


spaceship mass 
Eavth mass 


•T 

E%uatipH 



This c<^ua*tio^ -fov the 

(y/i*th U — O a*t •nrvf ’m’rty) has 
d similav *to the C^u 3 *tio^ 
-fov the yavi*ta*bio^al \o>ctt- 


a 七 Earth’s sur-fa^c -tvahs-fevred *(x> potential a 七 

AU =i U c a - U iL 

cav-tn 

AU =i O-U x 

cav-th r 


m\n\ 


m’mus a hurmbev is d positive humbev, so AU 

一 AM — ^ As "the mass o( *thc spaceship divides out 

■the escape vclodi-ty doesr / 七 defend oy\ 

\r 


'呢 



■the mass. 





v 


o 






x IQ- 11 x x 10^ 

t3e X lO k 


% 二 I.IZ x |0 午 m/s 二 II.Z km/s (.1 sd) 


|*t ； s 0^ i-f you used *thc 
value -fov the yavi-ta-tio^al 
potential at the 

Eav-th^s su\r-fa^c that you 
^akuldied oy\ page ff, bu*b 
dividm^ out the mass o-f the 
spaceship is usually easier -fov 

these types o-f 'ucsti 。 灼 s. 


Um, I was just wondering... 

doesn’t the Sun have a 
gravitational field to escape 
from too? 


The escape velocity that ensures you won’t fall back down 
to Earth again after you switch the engine off is 11.2 km/s. 
Pretty fast - but in space there’s no kind of atmosphere, 
and no friction to slow you down! 


But the astronaut’s not totally happy with this. He thinks 
that you also need to escape from the Sun’s gravitational 
field! The Sun has around 300000 times more mass than 
the Earth - which will really tell over large distances! You’ll 
have to factor in the change in potential energy due to the 
astronaut’s distance from the Sun changing, as well as his 
distance from the Earth. 


O 

O 



Jo\\y\ 

spoiled a 
pv-oblcrw... 
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gravitation and orbits 


窄 parpen your pencil 


Some time after a spaceship blasts off from the Earth’s surface, its propulsion system is switched off. 


What is the minimum velocity that the spaceship must have to successfully escape from both the the Earth’s 
gravitational field and the Sun’s gravitational field so that it can reach infinity without falling back down again? 


The radius of the Earth is 6.38 x 10 6 m, and the mass of the Earth is 5.97 x 10 24 kg. The distance from the Earth 
to the Sun is 1.50 x 10 11 m.The radius of the Sun is 6.96 x 10 8 m, and the mass of the Sun is 1.99 x 10 30 kg. G, 
the gravitational constant, is 6.67 x 10 11 m 3 /kg.s 2 


tt'mt S*tav-*b with two skctdhcs, oY\t -fov the m po*bc^-tial 

due -fco Eav-*th ; s yavita-tio^al -field, by\A the othev -fov 
the m po-tc^iial ⑼ cv^y due -to the Su^s yavita-bio^al -field. 

Be Vi-R}/ with your vav-iablc as you will have 

v/3V"ious masses ； \rddii 3 灼 d displa 乙 CmC 灼 *U 3v-ou^d. 


,s c<\ual {o -the due -to the Eav-t^s 

A\ravi-ta-tio^al -field aK>d -the Sun’s ^ravita 七 iohdl 
•field added -togeihev*. Thc^ you c^v\ use 七 he 
sdme method as ov\ "the opposite pay. 
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to infinity... 



Some time after a spaceship blasts off from the Earth’s surface, its propulsion system is switched off. 


What is the minimum velocity that the spaceship must have to successfully escape from both the the Earth’s 
gravitational field and the Sun’s gravitational field so that it can reach infinity without falling back down again? 

The radius of the Earth is 6.38 x 10 6 m, and the mass of the Earth is 5.97 x 10 24 kg. The distance from the Earth 
to the Sun is 1.50 x 10 11 m.The radius of the Sun is 6.96 x 10 8 m, and the mass of the Sun is 1.99 x 10 30 kg. G, 
the gravitational constant, is 6.67 x 10 11 mVkg.s 2 


energy due 

■to Earth’s ^ravi*ta*tiohal -field 


二 spadeship mass 
mass 
G> 

Earth’s suv-fade 




Radius Eav-th 


*m po*tcr\*tial chcvgy due 
■to Sun’s gravi*ta*tiohal -field 
m 二 spaceship mass 


n 二 Dis*tar\dc 

-rromS ^ 




s 




Tom £uh 


u 




E 


G> 

W 二 0 


G> 

Earth’s sur-fadc 


u 




G> 

W 二 0 


\r 



-PvomS 


su 妁 


a 七 Earth’s suv-fadc -tva^s-fevved -to potential a 七 

AU =i U c x - U iL 

•m+mi 七 y cavth 

AU =i O-U x 

cav-t^ 

( 

rm'mus B hC^a*tivc hurmbev is B positive humbev-, so AU 二 


TV>c v-adius o-f 
is ivvclcvd^'t! I"ts *bV^c 
distaste you art i\>t 
Sw 栋 at’s 




E 




s 




V 


*(VomS 




'呢 


AU 



The mass of "the 
spaceship divides ou*t. 




V 


-fvor»\£ 


Fantastic! Pluto, here I 
come. Oh, but one other 
thing first... 




v 


o 


Z6\ 




s 


E 


24 

•pyomS 


V 


O 


Z X U7x |Q- |j x ^7x \Q^ f zx U7x lo 一 11 X l.t? x 10^ 

x IO h 1.50 x 10" 


V 


o 


I .午午 + 1.77x10^ n x 10^ m/s - m km/s (Z sd) 
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gravitation and orbits 


Wc need to keep up with our astronaut 


Before sending our astronaut off to Pluto, we need to get 
some communication satellites in place to keep in contact 
with him. These satellites need to be in a certain type of 
orbit around the Earth called a geostationary orbit. 

A geostationary orbit is one where the satellite always stays 
over the same point on the Earth’s surface. 


VVcVc look'mj uf 3*t 

七 he tarth -Vv-ow 

bo*tW 咖 be. 


〆 




Wcirc S -the / 
South Pole. 









The pidtulrc 

-to sdale- 




一 〆 



Eav-ih ar\d 
satellite both 
m the 

div^tio 灼 


TV satellite » s 
above *tW«s 卜七 
它 artVv 


A GEOSTATIONARY 

ortit kas a period oi 
7A Itours, tke same 
as tke period ol tke 
Eartli’s rotation. 


saw ~^ 

/ 


The satellite is moving... it just remains 
above the same point on the Earth’s surface 
because the Earth is rotating with the same 
period as the satellite. 

This allows you to use the satellite for Earth 
communications by aiming your transmitters 
and receivers at the same point in the sky. 



瓣 




. .. 


^\rou^d-bascd 

*t\ra^smi*t*tcv-s 匕 a 灼 

Br\d receive 
sisals via satellite- 


We need the period of the satellite to 
be 24 hours since that’s the time it 
takes for the Earth to rotate once. 
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days and years 



Jim: Um ... I think the moon takes longer to go around the Earth 
than that. Don’t you get a full moon only once a month? 

Frank: But the moon goes round once per 24 hours, right? It’s not 
there during the day, is it? 

Joe: If that’s your argument, then the sun goes round once every 
24 hours, too! And we know that’s not right - it takes a whole year 
for the Earth to go round the sun. 

Frank: Hmmm, good point. 

Jim: The reason the moon and the sun appear to move across the 
sky is because the Earth’s rotating around on its axis once a day. 
That’s where day and night come from. 

Frank: Oh, right. That’s why we’re supposed to make the 
communication satellite have a period of 24 hours, isn’t it? So it can 
match rotation with the Earth and always be above the same point? 

Joe ： But we don’t know how to calculate the period of the orbit. 
Actually, we don’t know how to calculate anything for orbits! 


This is easy, right? The moon goes round once 
every 24 hours. So we just need to put the comms 
satellite the same distance away from the Earth. 


A day is tke time it 
takes tke Eartk to spin 
once on its own axis 


Jim: Hmm. I’m sure that Pluto must take longer to orbit the sun 
than the Earth does. Maybe the period of the orbit depends on your 
displacement from the thing you’re orbiting. 

Frank: I’m not so sure. Remember when we were working with the 
hamster wheel? Didn’t every part of the wheel rotate with the same 
angular velocity? That means every part had the same period, too, 
right? So the distance from the center of the wheel didn’t affect the 
period of the wheel. 


A year is tke time it 
takes tke Eartk to ortit 
once rounct tke sun. 


Joe: But all the parts of the hamster wheel were joined together, so 
they have to go around with the same period. Planets and satellites 
aren’t joined together. So the period might depend on the distance 
from the center after all. 

Frank: Hmm, that’s a good point, too. 

Jim: I’m sure that far away objects must take longer to orbit. 

Joe: But how can we work that out? 
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gravitation and orbits 



Wouldn t it be dreamy if there was a 
way of connecting the distance from the 
Earth with the period of an object's orbit. 
But I know ifs just a fantasy ... 


I 


Cl 
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centripetal force from gravity 


The centripetal force is provided by gravity 


An object that travels along a circular path must have a net 
force acting on it to provide a centripetal force. This force 
must act towards the center of the circle. 

In chapter 15, you learned to equate the size of the 
centripetal force, F — mrco 2 with the net force. Here, the net 
force on the satellite is provided by the gravitational force 
from the Earth. 


DIRECTION: ^v-av'i*tatio^al 

-fovdc -fcov/avds 

TKis 

七 ha 七 I 七匕扣 pvovide 
a -fov-dc- / 


Gm.m 



SlT-E is by 

C«\ua*tiOir> (vcmcmbcv* 

/ siy IS dor\Vcr>tioy>). 

When you’ve equated the centripetal 
force with the gravitational force, you’ll 
have the job of making some substitutions 
so that your equation is in terms of T, the 
period instead of 0), the angular velocity. 

Then you can calculate the radius of the 
satellite’s orbit for any period - including 
the 24 hour geostationary period you’re 
interested in. 


Use i\\t rcady-bakc 
*to you solve 
{\\t pv-oblcm. 


Thcv-c y/ill be or>ly oy\c 
radius y/hcv-c the satellite 
has a pciriod o( 2A h ar>d 
d jeos-ta-tiohavy o\rbi-t. 




1 ( you wtake suv-c 
bo*tli a\rc 

■toy/avds -the dehiev 
o( ihc CWc\t) 

■they’ll both have 
•the S3mc s\y\. 


Ecruate tne 

CENTRIPETAL 
FORCE witk tlie 
GRAVITATIONAL 

FORCE to solve 

orbit tirotlems. 




Re 卿 Bane Facts 


Mass of the Earth: 

5-97 x 10 24 kg 

Radius of the Earth: 

6.38 x 10 6 m 


Gravitational constant 

G = 6.67 x 10 




m 3 /kg-s 


2 
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gravitation and orbits 



rpen your pencil 


You car\ look uf c<\uatioy>s 
iy\Volviir>^ T m tKc 1 "- ^ 


a. Work out a general equation for the size of r, the radius of a satellite's orbit in terms of T, the period of 
the satellite, G the gravitational constant and m e the mass of the Earth (don’t insert any values, just work 
out an equation). 


b. Calculate the height that the satellite must be above the Earth’s surface to have a period of 24 hours. 


c. If the radius of a satellite’s orbit is doubled, what happens to the period of its orbit? (Please do this 
question using proportion.) 


d. What happens to a satellite’s kinetic and potential energy as it goes round a circular orbit? 
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work it out 


智 1 yo S：£ 


ncil 
ution 


a. Work out a general equation for the size of r, the radius of a satellite's orbit in terms of T, the period of 
the satellite, G the gravitational constant and m e the mass of the Earth (don’t insert any values, just work 
out an equation). 

^v-avi*ta*tiohal -fordc provides -forde -for orbit 


P 二 P 




^ V 

1/Vc ； vc used 
nr» -Pov "the 
saa 七 ellrte’s 
n^ss, but the 
symbol does / 七 
v-cally 

as the w>ass 
divides out. 


CO 


z 




co 


z 


rv\ 





% 


6\n\ 


6fn\ 


■Z 


午 JC Z 



-Povdcs pornts -fcoy/avds -the 
dchicv- o( -the cWc\t) so you 
lose *thc dojrwejrrtio 灼 al’ inr/mus s\y\. 

/\/|dke B substitution for CO. 60 二 2-Jt-f 扣 d f 二〒 

This is dal led ^cpIcA 3vd 
Law- |*t shows you Iioy/ -the 

radius a^d peviod o( by\ The vddius *m -the jvavi-ta-tio^al -Povdc c^ua-tio^ 
ovbit avc vclatcd. is always -the distaac (r on\ "the dC^tcv- o-P 

the EairUi, ⑽七 -the suir-Padc. So you y\ttd {jo 

dakula-tc the d\((^cY\Ct a-t the e 灼 d. 



b. Calculate the height that the satellite must belabove the Earth’s surface>to have a period of 24 hours. 


T z 


午 JC Z 


h.hl x |0 一 ,, x 5 乃 7 x \ 0 ^ x Qh^OO 1 




^Xl x 10 1 ^ (Z sd) 


Dist^hdc -fvom SUV-fadC 




午 X JC Z 个 

2 •午 houirs is Z 午 x 60 x ^>0 — 私午 00 s 


^Xl X lo 1 - X 10' =1 l^°l x IP 1 ^ (l sd) 



c. If the radius of a satellite’s orbit is doubled, what happens to the period of its orbit? (Please do this 
question using proportion.) 

$ 你 T z Every-thm^ *m *thc e'ua 七 ioh is dor\s*tar\*t apart -from r a^d T. 

二 一 s— 

午 JC Z |-f \r is doubled, id 七 side o-f equation ihdrcascs Z x 2* x 2> 二 0 "times. 

This medhS 七 T Z is 0 *tir«CS lavyr 七 1 ^竹 bc-fo\rC. 

So T is n|s" =• (1> sd) -times lav^cv *thar\ before. 

d. What happens to a satellite’s kinetic and potential energy as it goes round a circular orbit? 

They \rcma*m dohS*tar\-t because sa-tclli-tc^s heigh-t ar\d speed rcr^am dohS*tar\*t 
(cvcr\ -though i*b vclodi*ty is dhdr\^'m^ di\rcd*tioh all {\\t 
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gravitation and orbit 尹 


tJiereiare no ^ 

Dumb Questi9ns 


Q/ What was that ^ thing all about in the math bit 
over there? 

It’s a cube root symbol. You know how a square root is 
what you do to find out what number you need to square to 
get the number you started with? 

Yeah 

Well, a cube root is what you type into your calculator 
to work out what number you’d need to cube to get the 
number you started off with. 

So if I have r 3 = something then I can say that 
r = 分 something 

Yes. It works in the same way that a square root does. 

Q/ So … I noticed that the mass of the satellite 
divided out when I made the centripetal force equal to 
the gravitational force. That kinda thing has happened a 
few times now. 

Yeah, good spot. That’s because the gravitational 
force depends on the object’s mass, m. The gravitational 
force provides the centripetal force, F c = ma c . So when you 
equate them, you get an ‘m’ on each side of your equation, 
which divides out. 


So why can't I just equate the gravitational field 
strength with the centripetal acceleration and skip the 
step of dividing out the mass? 

You could ... but dealing with forces is a good habit to 
get into. 

Why should I deal with forces, not accelerations? 

There are a lot of other sources of centripetal force 
- and the size of the force may not depend on the mass of 
the object. 

When might the size of the force not depend on 
the mass of the object? 

Well, an electron will follow a curved path when it 
goes through a magnetic field because of its electric charge, 
not its mass. You don’t have to worry about that right now 
because it’s in the electromagnetism part of your course. 

But if you get used to equating the centripetal force with 
the source of the net force, you’ll find dealing with that a 
whole lot easier when you get there. 



With the comms satellites m 
place, ifs Pluto (and beyond) 

The communications satellites are in place in their 
geostationary orbits nearly 4000 km above the 
Earth’s surface. 

And the astronaut it good to go. 

Stand by for blasting off to Pluto - and beyond! 
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V V v \ 

Question Clinic: The "gravitational force 55 centripetal force" Quest! 




Another classic way of getting you to do 
something with centripetal force is to give you a problem 
to do with orbits to solve. The big thing here is to equate the 
centripetal force with the gravitational force that provides it 
- then follow through with the math. 


/ou 


•ZJWOV"ds *to yb 

■biimkmj 3bou*b 


Make suire you use -the mass o( 
the — hot the nr\dss o( 

the sur> o\r else cm youv 

"tdblc o( ih-PoV-rwa-tio^/ 


TiVis -tells you 
^\\\cM Icttcv-s you 
should mducle. 


This d 。 灼’七 

use r>umbcv*s yc*t- 

that you’ll 
have *to sub*bv-a^*t 
the \radius of the 
Ea\rth -f\rom *thc 

radius W *thc 
o\rbi*t *to JC*b the 
distal above 
the suv--fa^c| 


2_ A commu 

a. Work oi 


叟 is to be put into^ around the Ea^ 

ltP npnereilquation for T, the period of a satellite jnte^ 
^rwSTofiteofeTthe gTavitational constant and m e 

b . work ==二 that the sate_ must be ^ovejheEa^ 
surface to have a period of 24 hours. 


? ^^ h e ； ate^ 
piiodof its orbit? 


This is a typical 'ucs*tio 的 y/hcv-c you Y\Ctd *to 


use 
C\y\ this 


jMropov*tioh’m a 竹 c<\ua*bio^ you alv-cady k^ow 
this CBst, the equation -rv-om pa\rb a). 


Be careful not to use the wrong 
equation! The equations for the gravitational 
force, gravitational field (i.e., acceleration due to gravity) 
and the gravitational potential energy (with 0 at infinity) 
all look very similar. Remember that gravitational force 
follows an inverse square law - and that its equation 
involves the masses of both the objects involved. 


o 


I ^oull y\tt& 

乙 ojrwcirt 

Jiis -time h> 
scCov\ds *to mdke 
ill "the Uhits 
/o\rk 七 
^o\r\rcd-tly- 

































gravitation and orbits 




Gravitational 

field 


The strength of a gravitational field at a point 
is the same as the acceleration of an object in 
f reef all at that point. Gravitational field lines help 
you to visualize the gravitational field strength. 



Inverse 
square law 


If a quantity (for example the gravitational field 
strength) is proportional to p then the quantity 
follows an inverse square law. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 18 under your belt and| 
added some problem-solving concepts to 
your toolbox. 


liht 


S 


^v-avi-ta-tiohal -field lihCS poihi ih 

ihc di^tioh somcihihg would move 

p it was allowed io 
that poihi 
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19 0sc!llciti9ns (part 1) 


餐 



Round and round 


Wow... everything looks so 
different since I turned these 
directions right side up. 


Things can look very different when you see them from 

another angle. Sofar you’ve been looking at circular motion from above - but what 
does it look like from the side? In this chapter, you’ll tie together your circular motion and 
trigonometry superpowers as you learn extended definitions of sine and cosine. Once 
you’re done, you’ll be able to deal with anything that’s moving around a circle - whichever 
way you look at it. 


this is a new chapter 
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ducks, guns, and circular motion 


Welcome to the fair! 


After your success at hamster training, you’ve 
got another client who needs your help. Jane’s 
opening up a new booth at the local fair, and 
wants to build a duck-shooting competition - with 
a twist. 

At the moment, she’s got a duck moving around 
in a circle. But she expects the game to be 
popular, and the rotating duck takes up space that 
she could use to pack in more paying customers. 



This dhap-tev- builds ov\ 

wha-t wc did \v\ 1^>, 

with 七 he harws-tev- ivarnev-. 


This ones tricky, and every 
time I try it, things don’t look 
right. Can you help me out? 


0 



% 


i 



Jaw, ready 仫 a 

at least a Wdved - aW 


So instead, Jane wants to let players shoot at a digital version of 
the duck, displayed on a giant flat screen. Each player feels 
like they’re shooting at a real rotating duck, but Jane can just 
monitor the screen to run the game. 

Jane’s got all the equipment: a duck mounted on a rotating 
stick, a screen, and light guns that can shoot at the screen. The 
screen even registers where the gun hits, and which player shot 
the duck. Your job is the hard part, though: where should the 
screen display the duck as it moves around in a circle? 




aro ⑽ d … a di'rdlc- 
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oscillations (part 1) 


Reproduce the duck ow the display 


The real duck sits on a pole at eye level and 
travels around in a circle. But your job is to 
figure out where on Jane’s big screen the digital 
duck should appear. Every time Jane tries to get 
the screen working, things look funny. 


= 2.50 s 


dourrtcv —乙 lodky/ise. 


Playcv- stands oy\ 

this side. 


We know the real duck’s moving along the 
edge of a circle, which is 3.00 meters wide. We 
also know that the duck goes around the entire 
circle once every 2.50 seconds. The duck starts 
in the middle on the far side from the player, 
and travels around the circle counter-clockwise. 



N 

Wheel joes roui^d 
cvcv-y 2- ^0 seconds, 
has a pev-iod X 





3.00 m 


is Z m wide 





r^l^rpen your pencil 


Draw a player’s-eye view of 
the game, and describe what 
the player sees from their side 
perspective as the duck goes 
around in a circle. 

The player is much further away 
than there was space to show 
in the picture. The player is 
actually standing somewhere 
off the left hand page! 

Make sure to write down any 
important times and distances 
from the moment the game 
starts that might help you draw 
the digital duck on the screen. 


a light 9 uh. 


Spade (o\ 


yowr d^wihg. 
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back and forth 



rpen your pencil 
Solution 


Draw a player’s-eye view of 
the game, and describe what 
the player sees from their side 
perspective as the duck goes 
around in a circle. 

The player is much further away 
than there was space to show 
in the picture. The player is 
actually standing somewhere 
off the left hand page! 

Make sure to write down any 
important times and distances 
from the moment the game 
starts that might help you draw 
the digital duck on the screen. 
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Os- s*ta\rb 
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•m 

ba^k y/hc\rc 

Ic-ft 

••七 s*ta\rtcd. 


/ l.^O m 
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The playev- sees -the dudk ou 七 m dci^*tc\r of *thciv view- 

Then s, -the du 匕 k’s 。灼 -theiv- side. I s -the 

dudk is badk \y\ 匕⑶ *te\r. 1^1^ s, dudk^s oy\ vijht 

丁 hen 2 •. 弓 O s, i*t’s bd^k y/hc\rc i*t s*ta\rtcd m -the 匕⑶ *tc\r. 

The playev- doesn't see a 6\rde a*t all- The du 匕 k jus 七 appeav-s -to move 
side *to side (*tiiou5h playev- would sec di-f-fc\rcir\*t sides o( 七 he 
dudk 3s -the du 匕 k *tu\nr\s d\roimd 6i\rde). 



Joe: ... er, the radius is 1.50 meters. The diameter’s 3.00 meters. 


Jim: Oops, sorry, you’re right. The diameter’s 3.00 meters. Jane’s 
screen is wider than that, so we can show the duck at its actual size. 


Joe: Cool. We just have to work out how fast the duck’s going, left-right- 
left-right, etc. Then we can move the duck across the screen at the 
correct velocity. 


Frank: Well, we know the duck takes 2.50 seconds to go around once. 


Jim: So the duck’s got a period of 2.50 s. We know the radius of the 
circle, too. So we can work out the duck’s speed, just like we did for the 
hamster trainer. 


So the duck just appears to go back- 
and-forth, from one side to the other. 


Jim: Yeah, if you’re looking at a circle from the side, you don’t really 
see the round parts at all. And the radius of the circle is 3.00 meters ... 


Joe: You know, I’m a bit worried about the light gun. There might be 
some problems there. Here’s what I’m thinking... 
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oscillations (part 1) 



This might mean that a hit when the real duck’s at the front of the circle may register before a hit at 
the back of the circle. But the screen for the digital duck is flat, so will register all hits at the same time. 
Do you think that’s a problem we’ll need to worry about? 


a. A duck is on the edge of a roundabout with a diameter of 3.00 meters. The roundabout goes round once 
every 2.50 seconds. What is the duck’s speed? ^ _ 丁 k c ^ u a*tior\s y©u II r\tt& "to use 

-pov this av-c m dhaptcv-1^>. 


b. The duck is to be zapped with a light gun by a player standing 40.00 m away from the front of the 
roundabout. How much longer does it take the light to cover the 43.00 m to the back of the roundabout 
compared to the 40.00 m to the front of the roundabout? (The speed of light is 3 x 10 8 m/s.) 



c. Do you think the player will notice this extra time that it takes for a hit to register? 
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where } s the duck? 


r y° ur p 卻 

Solution 


Joe’s worried about registering hits on the screen. The distance from the player to the duck is smaller 
when the duck is at the front of the circle than it is when the duck is at the back of the circle. So the 
distance that the light from the light gun travels is different depending on the duck’s position. 



This might mean that a hit when the real duck’s at the front of the circle may register before a hit at 
the back of the circle. But the screen for the digital duck is flat, so will register all hits at the same time. 
Do you think that’s a problem we’ll need to worry about? 


a. A duck is on the edge of a roundabout with a diameter of 3.00 meters. The roundabout goes round once 
every 2.50 seconds. What is the duck’s speed? 


Use v — \rCO; y/o\rk ou 七 ⑴ -fvom 

Pc\riod o-f T — % s 

FVe'u ⑶ dy, -f — 二 0.^00 Hz. 

v 二 r ⑴二 r x 

二 \^0 x Z x jrx oAoo 

二 111 m/s (Z sd) 



You also do this by us'mj 
C 二 2-JVr -to daldulatc -the 
dis*ba^de -the du^k -tv-avcls 


•ml v-colutio^, *th ⑶ divid'mj 
the distal by the fev-iod 


b. The duck is to be zapped with a light gun by a player standing 40.00 m away from the front of the 
roundabout. How much longer does it take the light to cover the 43.00 m to the back of the roundabout 
compared to the 40.00 m to the front of the roundabout? (The speed of light is 3 x 10 8 m/s.) 


dis-ta^dc — 午 OO - 午 0.00 二 Z OO m 
Time i*t "takes *to dovcv- *this ： 


speed 
—*timc 


*ti 


me 


dista^de 一 _ 

speed 一 Z.00 X IO e 



■ Reapy BaKe Fact 


Speed of light: 

3.00 x 10 8 m/s 


1.00 X IO- g s (Z sd) 


c. Do you think the player will notice this extra time that it takes for a hit to register? 


I%l0~ g s is vcjry sho\rt — 10 r\3r\osc6or\ds! Playc\rs >/ 。灼 ’ 七 Y\ohtt tiw'C di-f-fc\rci^dc between 
iVitt’mj dudk a 七 *f\roirrt of div-dlc iVitt’mj dudk a 七 badk o-f di\rdlc- 

So y/c dair\ jus 七 make -fla-t Sd\rcc^ \rcjis-tc\r hits ’ms*ta 灼七 ly. 
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oscillations (part 1) 



So we know the ducks speed is 
3.77 m/s y and the light arrives more 
or-less instantly. Great! 



Jim: So the duck starts in the center, moves 1.50 m to the left at 
3.77 m/s, goes 3.00 m to the right at 3.77 m/s and back to the left 
at 3.77 m/s. Should be pretty straightforward. 

Joe: Wait... that doesn’t sound right. If the duck travels 6.00 m in 
total at a speed of 3.77 m/s ， wouldn’t it take the duck less than 
2.00 s to get back to the start? 

Jim: How do you mean? 

Joe: Well, we know the duck moves from the center to the left, 
1.50 m, then all the way to the right, another 3.00 m, and then 
back to the center, another 1.50 m. 

Frank: Right. So that’s 6.00 m total. 

Joe: But let’s say that the duck goes at 3.00 m/s. I chose that 
speed because it’s easier to do mental arithmetic with it! Anyway, 
the trip across the circle and back — 6.00 m — would take exactly 
2.00 s. But 3.77 m/s is faster than 3.00 m/s，so the duck should 
take less than 2.00 s to go around once. 


Jim: But the duck actually takes 2.50 s to go round once - that’s 
more than 2.00 s, not less! Something weird’s going on ... 


^3arpen your pencil 



Does your answer 
make sense? Always 
ckeck your work! 


The real duck that you are reproducing 
on the screen takes 2.50 seconds for 
exactly 1 revolution.That’s a total 
distance of 6.00 m from the player’s 
perspective. But we just calculated 
that the duck’s speed is 3.77 m/s. 

a. How can it possibly take the duck 
2.50 s to do a round trip of 6.00 m 
from the player’s perspective when 
the duck has a speed of 3.77 m/s? 

b. Describe qualitatively the speed 
that the player observes the duck 
moving at for any'special points’you 
can spot on the circle. Illustrate this 
with a sketch. 
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a limited view 



The real duck that you are reproducing 
on the screen takes 2.50 seconds for 
exactly 1 revolution. That’s a total 
distance of 6.00 m from the player’s 
perspective. But we just calculated 
that the duck’s speed is 3.77 m/s. 

a. How can it possibly take the duck 
2.50 s to do a round trip of 6.00 m 
from the player’s perspective when 
the duck has a speed of 3.77 m/s? 

b. Describe qualitatively the speed 
that the player observes the duck 
moving at for any'special points’you 
can spot on the circle. Illustrate this 
with a sketch. 


d- The dudk is a*t i ll m/s \rou 灼 d 乙 o-f 

•the tWt\c, v\o{, Btross -the div-dlc^s diamc*tc\r 

— 2*JDr 二 2* X 午 X \.^Q — 巧 • 午 2* m 

The \rou^d -tv-ip is ? . 午 2~ m, ir\o*t 厶 .00 你 , and -takes Z.^O s 
-fo\r a dudk -tv-avclmj a*t i ll m/s. 

b. The playev- viev/mg dudk -f\row\ a side View. W\\tY\ *tiic dudk^s *m 
-the middle, i 七 looks like dudk is moving 一 a 七 3.T7 m/s. 

Bu 七 y/hci^ 七 he dudk is a 七七 he c^ds o-f -the 匕 i\rde, mos*t i*ts 
motion is alo^ playcv-^s l*mc -fov-wav-d o\r badkwd\rdl- 

So *to pUycv-, i*t looks like dudk^s speed is ^loscv- *to O m/s 
a*t *tiiosc po*m*ts. 


Slow 



ST7m/s 


Slow 




So although the duck goes at a constant speed, 
the player only sees the left-right component of its 
velocity. Because the players got a side-view, right? 


The player only sees one component of 
the duck’s position and velocity. 

If you are the player, the side-on view that you have 
makes it look like the duck’s moving left and right along a 
straight line. You don’t notice the duck going forward and 
backward at all. You only sees the left-right component 
of the duck’s displacement and velocity vectors. 

So from your perspective, the velocity the duck appears 
to have only depends on the left-right component of its 
velocity vector. This means that the duck appears to move 
rapidly across the center of its path, but slowly at each 
end of the circle. 


768 


Chapter 19 


















oscillations (part 1) 


The screen for the game is 
rW0-l?lMENS10NAl 

Even though the duck is three-dimensional, a projection of 
that duck is only two-dimensional. Imagine you’re standing 
next to a projector, and you can only watch the shadow of 
the duck cast upon a screen. 


As the duck moves across the center of the circle, it’s mostly 
moving left to right (or right to left). The duck’s shadow 
moves quickly across the center of the screen. 

As the duck turns around at each end of the circle, it’s 
moving mostly back-to-front (or front-to-back). But the 
screen only shows you left-to-right movement, so the duck’s 
shadow moves slowly at the ends. 


a fvo\cd*tov-, 

flayev- is, -the 

v*o*ta 七 dudk- 



IS 


The fv-ojcd*tov 
jus*t 3^ ar>alojy. The 
ad 七 ual would 

have a TV scrttY\, 

r>o 七 a fvojcd*tov. 


Assume whe, the light ^ 货二② 

gets ^ du^ 

"UiC dudk s shadow is 

STRAIGHT oh-fco the display. 


moves 
atvoss scree” 



The same is true for the virtual duck in your game. 
The duck is displayed on a two dimensional screen. 
You don’t notice the forward-backward component 
of the duck’s displacement, only the left-right 

component. You see a projection of the duck’s 
displacement vector. 
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sketch a graph 


^^6rp6i your pencil 


Your job is to work out what the duck’s displacement vector does as time goes on, so you know where to plot the 
duck on the screen. The circle the duck’s attached to has a diameter of 3.00 m and a period of 2.50 s. 

Use the pictures below, plus the fact that the angular velocity of the roundabout is constant, to sketch a graph 
of how the duck’s left-right component (plotted on the vertical axis) varies with the angle 0 (measured in radians 
and plotted on the horizontal axis) for one complete revolution (2 丌 radians). 


Mark the values at special points in the duck’s motion on your sketch. Look for points where the duck is at an 
extreme in displacement - for instance, at zero, or at the maximum in either direction. Write the times that th 
points would occur at, too. 



Playcv^s Ic-Pt 


Use 七 he pev-iod 
Z.%) s "fco y/o\rk this out 
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find the special points 


^Sharpen your pencil 

Solution 


Your job is to work out what the duck’s displacement vector does as time goes on, so you know where to 
plot the duck on the screen. The circle the duck’s attached to has a diameter of 3.00 m and a period of 2.50 s. 

Use the pictures below, plus the fact that the angular velocity of the roundabout is constant, to sketch 
a graph of how the duck’s left-right component (plotted on the vertical axis) varies with the angle 0 
(measured in radians and plotted on the horizontal axis) for one complete revolution (2 丌 radians). 

Mark the values at special points in the duck’s motion on your sketch. Look for points where the duck is at 
an extreme in displacement - for instance, at zero, or at the maximum in either direction. Write the times 
that these points would occur at, too. 

DispladcmCh-t (m) Plot o( Ic-ft-v-ijh-t dor»\po^c^*t displadcw\C^*t vs. -fo\r dudk-shootmg 


1.^0 



0.00 




5 


This is a special 
foiht because i-t 
•s S maximum. 


Pcviod is s so 
a cycle takes 
I.Z^ s, 'uav ■七 ev J a 
cycle s, tit- 




I.Z5 


s 


TV>e 2 •午 e<\ual make 

a domflc*tc ZJC vo-tatior^. 


jX 


k^ow these values 
because wheel has 

B Vidius l.^O m. 




ttal-fv^ay v-our>d is 

d 灼 o( JT- 


This is a special po'm-t 
because i*t is the maximum 
negative displacement 




s 


■Jt 


6 (v-adia^s) 


1^0 s 


period is S SO OY\t 

dytlc takes 2.^0 s. 
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oscillations (part 1) 


So we know what the duck does. 

When you’re playing the game, you observe only the 
duck going left and right, because you see only the 
left-right component of the duck’s displacement. 


Player’s Ic-ft- 


x 



The playcv- 
sccs the du^k 
do'mg -this ds 
tir^C goes oh. 

I/Vhai "the dudk does will 

be -the same SHAPE, 
v^cjav-dlcss of -the period 
o( the v-our>dabout 


The c%*tv*cmcs 
of motion av*c 
l.^O m -fvo 
•the ttr\\^c m 
eadh divcdtio^ 


Players vijht 


You know the 
dudk is badk a 七 
stay 七 a-P*tcv- % s. 
So i-P you f u 七 *time o 的 
•the hovizjo^*tal axis, 
•this po’m 七 is Z • 弓 0 s. 


...but where exactly is the duck? 

Although the shape of our graph is correct, 
the only exact values we know are at the 
extremes, when the duck is at its maximum 、 
left or right displacement, or when the duck 
has zero displacement. 

To get the screen working, we need to know 
exactly where the duck is at any given time... 
and that means we need an equation for the 
duck’s displacement. 


Q is the angle, co is the angular speed. 

With linear quantities, you can write: 
distance = speed x time 

So with angular quantities, you can write 
an equivalent equation for the angle, 0: 



pudk has dohsta^-t ar>^ulav- 
vclod'rty, so always sweeps 
ou*t *thc same a^jlc m 
Sdi^C *tiw>C- 

Thou# as youv c^vafK is dv-aw^ -Paiv-ly adduv-a*tcly, 
you tav\ read values -py-om i*t. Bu*t i*t would 
be bc*t*tcv- *to have c<\ua*tio^ *to jive c%ad*t 
value (or *thc disf ladem ⑶七 a 七 a^y 





We’re about to use right-angled triangles 
to figure out the duck’s displacement at 
any time. Can you think of how right- 
angled triangles might relate to circles? 


you are here ► 


773 





















look for right-angled triangles 


Any time youVe dealing with a component 
vector, try to spot a right-awglcd triangle 

When you play the game, you see only the component 
of the duck’s displacement vector that’s parallel to the 
screen. If you also draw in a perpendicular component, 
you can form a right-angled triangle with the parallel 
component, perpendicular component, and the radius. 


CO is radians pev scdor>d- 

r AO 
s ° ⑺二瓦 
A0 二 o)Ai 

6 =• 0 aii=- 0 
so 6 =■ coi - - 


This is c^uivalc^V 

of dista^c — speed x. time- 



❺ 


❶ 




The duck is always distance r away from the 
center of the circle. The duck rotates counter¬ 
clockwise with a constant angular velocity co. 

The duck’s image on the screen is the 
projection of the component of its 
displacement parallel to the screen. 


Player’s Irf 七 



Display 


Pu^k s*tav-*(is 

•m 


--i} <r 



Players v-ijht 


wcVc look'm^ POlVN oy\ *thc du^k -fv-o 
above. The f layev- is ovc\r -to the a 
way away ； a^d v/cVc what they see 

oy\{jo this display. 





You can say what the angle 6 is at any time, 
using the equation 0 — cot. But what you really 
want to know is the duck’s displacement from 
the center at any time. 

The projection of the duck’s displacement 
from the center is always vertical (the way we’ve 
drawn it here). We’ll call this displacement 
vector from the horizontal axis y, as shown 
below. Its projection on the screen is the y- 
component of the radius. 



0 is measuved 
tou^*tcv--tlotky/*isc 
•{•vom "the KoVizoy>*t3l- 



I 灼 ma-tli physics, 

a vcv-ti^al dis-ta^dc 

ov displa 以 m ⑶七 is 
sometimes called y> {x> 
distm^uish i*t -Pv* om >c. 


P\rojc^*tio^ o-f du^k oy\ 

sCrttv\ is 

<Jc *thc v-adius. 
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Because *thc way this is d\raw^ -the street 
looks vcv-ti^al- Thats because the flayers Ic-ft 
is ai -the u *top w Br\d flayers is a 七 
■the W bo*t*tom W — jus*t like the youv* 

you did oy\ pay 丁 /I. 






















oscillations (part 1) 


Wken you do a projection 
ty ctrawingf a riglrt-anglect 
triangle inside a circle 
like tkis, tke triangle’s 

HYPOTENUSE is always 
tke RADIUS oi tke circle. 


© .. 

If we also draw in x, the x-component of the 
displacement, we can form a right-angled 
triangle using the y-component, the x- 
component and the radius. 

When you draw a right-angled triangle like 
this, its hypotenuse is always the radius. 


The s'mc ou*tfu-ts a s^alav-, 

〆 -- Y\o{, a vct*tov, so the c<\ua*tio 灼 jives 

you the o( y 

O. 

: Now we can use trigonometry to calculate the 

^ length of j in terms of r and 0, because sin(0) = y 

: And if you know what the length of y is in terms of 
: 6, you can work out what j is at any time, by making 
: the substitution 6 — cot. This tells you exactly where 
: on the screen to draw the duck at any time. 



Rl 研 T - AISLED 
TRIABLE! 
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use the triangles 


(^U^rpen your pencil 


Your job is to use the right-angled triangle 
you’ve spotted to calculate the size of the 
y-component of the duck’s displacement 
at any time. This gives you the position of 
the duck on the screen at any time. 


a. The roundabout’s diameter is 3.00 m and the 
duck’s velocity is 3.77 m/s. 

What is the duck’s angular velocity, u? 



b. Assume that at f = 0 s, 0 = 0. Write down an equation for 6 in terms of co and t (where 9 is measured in radians). 
Use this to fill in the'f’column of the table on the opposite page. 


c. Write down an equation for the length of the y-component of the duck’s displacement with respect to the 
angle 6, where 0 is measured in radians. 

Use this equation and your answer to part b. to write down an equation for the length of y with respect to t. 
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oscillations (part 1) 



























































































































































































































































solutions 


:% Sharpen voar pencil 

Solution 


Your job is to use the right-angled triangle you’ve 
spotted to calculate the y-component of the duck’s 
displacement at any time. This gives you the position 
of the duck on the screen at any time. 

a. The roundabout’s diameter is 3.00 m and the 
duck’s velocity is 3.77 m/s. What is the duck’s angular 
velocity, w? 

b. Assume that at f = 0 s, 0 = 0. Write down an 
equation for 9 in terms of co and t (where 9 is 
measured in radians). Use this to fill in the'f’column 
of the table. 

c. Write down an equation for y, the y-component 
of the duck’s displacement with respect to the 
angle 0, where 6 is measured in radians. Use this 
equation and your answer to part b. to write down 
an equation for y with respect to t. 

d. Fill in the table with values for f and the 
y-component of the duck’s displacement for the 
given angles, where 0 is in radians. 

e. Use your table to draw a graph of the 
y-component of the duck’s displacement vs. time. 


Angle, 6 
(radians) 

Time, t 
(s) 

Length of duck’s 
y-component (m) 

0 

0 

0 

K 

i2 

0 斯 

o.iee 

K 

百 

0.1 弓厶 

的 午 

n 

百 

o.ioe 

0.1^0 

K 

4 

o.m 

\.Oi 

K 

~3 

oA\i 

130 

K 

2 

o .邮 

\^0 




寸 


K0 


4 CO 


v 


vr? 

T^d 


2. ^1 v-ad/s (Z sd) 

AG 


b. CO is v-adia^s pcv second- So 60 — 

> A0 二 60 At 

0 二 Oa 七七二二 60 七 

匕. W 0) 二 f 二 士 

y — \rs*m(0) BY\d subs*ti*tu*tc 6 — (J){, 
y — \r s*m {(Di) 


I I I I I I ■ I I I I I I I I I III I I 


0 I I I I LI I 

y—or 
displacement (m) 


j 11111111111111111111111111111111111 in 11111111111111111111111111 m 

o4 - o4 - y—^or»\pohC^*t vs. ■tiw'C 


Mlllllllllllff 

-ro\r dudk 


hH-H+H ： 
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oscillations (part 1) 



OK, so the duck’s position is y = rsin(iut). But 
weve only drawn quarter of the graph! What about 
bigger angles further round the circle? They can’t be 
part of a right-angled triangle! 


Bcdausc 6 ― coi 


New cteiinition ： 



sin ⑹ 


I 

T 


This y/o\rks -Poir 

angle m a ho*t 
jus-t a»r> a^le ihats 
pa\rt o( a 


We need wider definitions 
for sine and cosine. 

Up until now, we’ve thought of sine 
and cosine applying only to angles 
that are part of a right-angled 
triangle. Now we need to extend their 
definitions to cover all the angles that 
can be swept out inside a circle. 

For angles smaller than a right-angle, we 
formed a right-angled triangle using r, the 
radius of the circle y, the y-component of the 
radius and x, the x-component of the radius. 

Then we projected the radius vector onto a 
line parallel to the j-axis and used the equation 

. y 

sin(0)= y as usual to calculate j, the duck’s 
distance from the center of the screen, 


But now we need to deal with the other 
angles further round the circle, which are 
larger than ^ radians (90°). If we can’t deal 
with these angles, we don’t know where to 
draw the duck on the screen. 

The definition of sine still comes from the 
ratio of the j-component to the length of the 
radius, and is the same equation as before: 


sin(0) 




T 


0u\r o\rigiholl dc-Pihitioh of 
lets us deal with ohly -this 

o-P the du^ks 乙 iv»de. 



A\ TKc dc-f o-f sm(0) »s 

V_^ of Y 釙 d 6 eva I 士 ~ •咖七 

? 狄七 o*f a 七 - a—d . 

The method for calculating the length of j hasn’t changed. You still 
form a right-angled triangle using thej-component, x-component and 
length of the radius. Then you can calculate the length of j using the 
new definition of sin(0) - which tells you the duck’s position on the 
screen for any angle. 


dc-f lc*ts 
us "tViC 

vest 七 ^ 

6v-tlc as ^t\l 
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negative y-component = negative sin(OJ 


l-f 0 •is move 

Kal-fv^ay avour>d, 

{\\t y-torwfor>Cr\*t 

be r^cjativc. 」 


小 


I guess that when the 
y-component is negative, sin(0) 
is negative as well. That fits in 
with the graph we drew, right? 


sin(O) is negative when the y-component is negative. 



This is ouv- graph 
-fv-om 1^. 



For angles larger than n (larger than 180°), the 
y-component of the displacement points in the 
other direction, so has a negative sign. This 
means that sin(0) is also negative. 

To make sure the signs work out OK, r is 
always treated as positive because it’s pointing 
away from the center of the circle. This is why r 
is in italics - in the context of this definition it’s 
a scalar with a (positive) size and no direction. 


The smes o( -these -tv/o a^les 
have -the same value^ as -the 
y- 匕 ompcmeivb have the same 

siic and s 咖 . 



Tiicsc values o-f 
y 一 domfemwt bYt 

all r^c^a-tivc. TiiaVs 
bedduse dc-f'mcd 
i\\t playcv^s Ic-ft 
as {\\t positive 
div-cdtio^, ar\d 

as negative. 


v- is still a ved-fcov- -that you 
d 扣 dv~dv/ oy\ youv- 乙 iirde 
diayarw — but ov\\y i-ts siz^ is 
used m -the dc-Pmitio^ o-P smc. 


|-f {}\t y-dompor\cr\*t 
is ^c^ativc, sm(@) is 
also negative. 


v is always -takc^ -to be 
positive as ii’s pomi'mg 
av/ay -Pv-orw 七 he dcr>tcv- 
o( ihc divide. 
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oscillations (part 1) 


tWei^re no o 

Dumb Questions 


So an angle doesn’t need to be in a 
right-angled triangle for it to have a sine? 

That’s right. Our new extended 
definition of sine says that if you have a 
vector that starts at the origin, and you 
measure the angle 6 that it makes with thex- 
axis, sin(0) is the y-component of the vector 
divided by the radius. 

But why is it useful to be able to 
calculate the sine of any angle? Isn’t the 
sine only interesting when there’s a right- 
angled triangle involved? 

The sine of larger angles is crucial 
when you have circular motion, like in the 
duck-shooting game. In the game, we 
need to know the y-component of the 
duck’s displacement vector. So we need to 
calculate the sine of the angle that the duck 
makes with the x-axis. 


So how did you decide which way 
around to put the axes? 

It was just the way it came out when 
we drew the aerial view of the player and 
the duck on the circle. We made the player's 
left the positive direction, and their right the 
negative direction. You could have done it 
the other way, and the effect would be the 
same. You’d just have positive values for the 
player’s right, instead of their left. 

I’ve heard people talking about a 
“sine wave” before, but never knew what 
they meant. Did I just draw a sine wave? 

Yes, you did! And it’s called a wave 
because the pattern repeats itself again 
and again if you keep on going around and 
around for more than one revolution. 


In the “Sharpen your pencil” on 
page 771,1 didn’t have to calculate any 
sines for angles larger than a right-angle, 
because I just projected across from the 
points on the circle. How would I actually 
calculate values for the y-components? 

Your calculator is able to work out the 
sine of any angle you give it. Just make sure 
the calculator's measuring the angle the 
same way as you are (in degrees or radians) 


The s'mc of 七 his — -f ： 

v/hidh is the same 
SIZE as sU0). 



Is there any way to think 
about the sine of a large angle 
using a right-angled triangle? 


For every large angle, you can find 
a new right-angled triangle. 

If you have a radius vector and a y-component 
vector, you can form a right-angled triangle 
using the x-axis as the third side. 

One of the angles in this new right-angled 

• . • y • • 

triangle will have a sine of y , which is the 

same size as the sine of your angle, 6. 

Then you can work out the value of the angle 
in the right-angled triangle. Look out for the 
angle in the right-angled triangle and the large 
angle 6 adding up to a “nice” angle, like jt 
(180°) or 2^(360°). 
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display the display 


Lcfs show Jawe the display 


We’re all set to give Jane our equation, 
y — rsin (㈣ and help her get her screen 
working. Time to start raking in the profits... 


y = rsin(cut) 


• ••but Jane’s got a new idea, and it’s going to 
take some more work. 
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The second player sees the ^compowgwt 
of the duck's displacement 

The second player is facing in a different direction. 

They’re standing 晉 radians (90°) further around 
the circle, clockwise, than the first player. 


oscillations (part 1) 

Playev* Z is lookih^ *m 
this di\rc^tioh. 


Pudk is Kcvc- 


This means that the second player 
doesn’t see the y-component of 
the duck’s displacement. Instead, 
the second player only sees the 

x-component of the duck’s 
displacement. 


Playcv- V% \riglvt 


A 


sdv/ 


T\\t -fivs-t playcv- or\lv 
七 V-^omfoir\Cr\*t o\ 七 he 
dutk s displacement 



rpen your pencil 



> Playcv- Z ; s l^t 


Playcv- Z sees 

"the x —匕 ompohe 灼七 

of the duck’s 

displace 


Ccv>*tcv- StYttY\ 


Make Playcv 七七 he positive 

dWtchoY\, like v/c did (or Playcv- I 



a. This time, you’re interested in x, the length of the x- 
component of the duck’s displacement. Write down 
an equation for x in terms of r and G. (The duck starts 
at 0 = 0). 


b. Sketch a graph of how x varies with 0 for one 
complete revolution of the circle, radius r. Be sure 
to mark any special points. 



^/ o\a may -f nr>d 
i*t Kclp-rul *to 
dv-dv/ a skc*UK. 




T^\S is i\\t *tKa*t player I sees. 


c. Sketch a graph that shows howy, the length of the y-component of the duck’s displacement varies with G. 
Compare and contrast this graph with the one you drew in part b, and note any similarities and differences. 



SkcitK tKcsc 
two yafiis 
ov\t above 七 he 
o 七 liev W\{}\ 
same stale- 


Use 七 Wis spate *to c%pla'm similav-itics ar\d di-f-fcv-c^dcs. 
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redefining cosine 


%iharpen your pencil 

Solution 


/\/Iakc Playcv- Z^s lc-f*t positive 
div"c£.*tior\> like v/c did *fov Playcv - I 


a. This time, you’re interested in x, the length of the x- 
component of the duck’s displacement. Write down 
an equation for x in terms of r and G. (The duck starts 



b. Sketch a graph of how x varies with 6 for one 
complete revolution of the circle, radius r. Be sure 
to mark any special points. 



tos(Q) 

4 卞 


d 


rtosCQ) 




c. Sketch a graph that shows howy, the length of the y-component of the duck’s displacement varies with 6 . 
Compare and contrast this graph with the one you drew in part b, and note any similarities and differences. 


The yaphs a\rc similar oedept playev- is 
shi-f*tcd alo^g by ~ bedause -they av-c \roimdl 

-the div-dlc by by\ o-f 

The dudk s*ta\rts *m dc 灼 *tc\r -fov- -fiv-s-t playev-, 

bu*t a*t a maximum -fov- -the playev-. 

Smc BY\d dosme a\rc \rcla*tcd bedduse -they bo*th involve 

oy\c d 灼 d -the hypotenuse. 




Skcitii 七 v/o 

ya— oy\c above 
o 七 iiev 

-tiic same stale- 


Wc need a wider definition 
of cosing too 

Just like there’s a wider definition of sine, 
there’s also a wider definition of cosine, which 
you’ve just worked out. It’s very similar to the 
wider definition of sine, except that it involves 

the x-component: cos(0) : 


x 

r 


The sign of cos(0) is the same as the sign of 
the x-component. 


New ctelinition: 


cos(6) 


x 
———■ 

r 


tosCO) has the same s\^r\ 
as >c— 



The 

o( tosCQ) is 

the v-atio o-f 
a^d r, cvc^ i-f 
0 is^*t pav-*t o-f 
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oscillations (part 1) 


sme and cosine arc related to each other 


The second player sees the ^-component of the duck’s 
displacement, x = rcos(o^), as the duck moves round the circle, 
while the first player sees the j-component: j = rsin(o^). 

The graphs of sine and cosine are closely related. They’re 
exactly the same shape, in fact, except that cosine is “ahead” 

of sine by 晉 • In our game, that’s because the second player’s 
vantage point is 晉 ahead of the first player’s. 

A cosine graph starts with the maximum value of the variable 
at the origin, and a sine graph has a value of 0 at the origin. 

is ahead 


Sine and cosine 
kave tke same wave 
sWpe，tut start in 
ctilierent places. 
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amplitude 



Looks like the sine and cosine 
graphs are both the same height when 
you draw them next to each other. 


The maximum value of your 
graph is called the amplitude. 

The maximum deviation from the center 
that your variable can have is called the 
amplitude of the graph or equation. 



Tke AMPLITUDE 

is tke maximum 
deviation Irom tke 


Here, you know that the amplitude of the 
displacement-time graph is r, the radius of 
the circle. So you know that the extremes of 
the graph have to be +r and -r. 

You can also use the amplitude to work out 
an equation for your graph. The maximum 
value that sine or cosine can have is 1. So to 


center oi your sine 
or cosine grapk. 


have a graph where the maximum value is r, 
you have to multiply the sine or cosine by r. 


That’s why your equations have the form 
y = rsin(o^) and x = rcos(cot). 


Maximum value o-f 


^ / Maximum 


value o( I. 


This also means that your two graphs both 
have the same height - because they have the 
same amplitude. 
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oscillations (part 1) 



Siiftc Expose 』 

This week’s interview: 

Sine revisits our studio. 


Head First: So, sine, it’s been a while since we first 
met back in chapter 9, but it’s good to have you back 
today to discuss these latest revelations. Or should 
that be revolutions?! 

sine ： Ha, that’s right. I do cover far more angles 
than you thought I could... but I don’t see why that’s 
such a big deal. 

Head First: It s not a big deal, not really, just a bit... 
unexpected! I’d never have thought that an angle 
larger than a right angle could even have a sine. 

sine ： Yeah, I kinda understand how you feel. It’s 
like finding out that an old friend has a whole other 
secret life. Though my extended definition isn’t really 
all that different from the one you had before. 

Head First ： Hmm... before, I thought of you as 
having to do with the ratio of particular sides in a 
right-angled triangle. But now I guess we know that 
angles that can’t possibly be in a right-angled triangle 
can still have a sine. 

sine ： Well, I’m still the ratio of two lengths. That 
part of your definition hasn’t changed. 

Head First ： But those lengths aren’t part of a right- 
angled triangle, anymore. 

sine ： But they are very well-defined lengths, and 
you can use them to form a right-angled triangle! If 
you’re dealing with an angle in a circle, t: a vector 
going from the center to the edge of the circle. Then 
the x-component is one side, and the j-component is 
the other side. 

Head First ： That’s all fine, I suppose... but how do 
I work out which side is the opposite and which is the 
adjacent? 

sine ： Well, angles in physics are always measured 


counter-clockwise from the horizontal. If your 
angle’s smaller than a right angle, sine is the ratio 
of thej-component and the radius. And my friend 
cosine is the ratio of the ^-component and the radius. 

Head First: Well, sure, that’s what we already knew. 
But when you start having the sine of angles larger 
than a right angle... that’s when it gets a bit hairy. 

sine ： But I’m still the same! I’m still the ratio of the 
j-component and the radius. 

Head First ： I guess you are... though that means 
you’re not as exclusive as you once were, doesn’t it? 

sine ： Yeah, sadly, there will always be two different 
angles that have the same value of sine. 

Head First ： And that can be a downer, can’t it? I 
mean, we’ve seen you looking negative recently. 

sine ： That’s true. I’ll be negative for any angle 
larger than halfway around, as the j-component of 
the radius vector will point down, not up. 

Head First ： And then there’s your friend cosine. 
He’s negative at different times from you, isn’t he? 
Doesn’t that make it difficult for you to work together 
sometimes? 

sine ： Not really. We’re both aware of when 
the other is going to be positive or negative. Just 
remember that in the top-right quadrant (where the 
angle is less than a right angle) we’re both positive. 
Then you can work out which direction is positive for 
each of us and take it from there. 

Head First ： Thank you, sine. I think we already 
knew more about you than we thought we did. 
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general equations rock! 


Let the games begin! 

The equations j = rsin(o;,) and x = rcos (㈣ 
work perfectly. Jane plugs them into her screens, 
and the customers are already lining up. Who 
doesn’t love rotating ducks and light guns? 

Even better, you’ve come up with general 
equations. If Jane ever wants to change the 
game, maybe by using a different size of wheel 
that spins at a different rate, the equations will 
still work. She can just change the values for r 
and to, and she’s good to go. 



X 



This is y/Ka*t *tKc flaycv* 
Z sees, projected 
*tKci\r Pc\rspcd*tivc. 


TKis is wKa*t flaycv -1 
sees, p\rojcd*tcd Wort\ 
*tKci\r pc\rspc^*tivc. 


Player l:y= rsin(a；0 




2.50 s 


x Player 2:x= rcos{ut) 



2.50 s 


Here ； we’ve *tu\rhcd v-ouhd 
iKc flayev- Z’s yapK so you 
匕乙 ompa^rc *tliC s*mc Br\d 
Cosine yapKs. 
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oscillations (part 1) 


Hey, I wanna be able to track the 
duck better. Can we have its current 
velocity from each players point of 
view displayed on their screens? 



Jane's got another request: 
Whafs the duck's velocity from 
each player's poiwt of view? 

Just when you thought the duck-shooting odyssey was 
over, Jane’s come up with another feature request. Now 
she wants to show the value of the duck’s velocity from 
each player’s point of view on the display. 

Looks like it’s time to get out our calculators and 
pencils again. 


Before, you ^akulaied ~^ 

the disk’s Imcav vclo^i-ty as 
i*t "travels \rouhd *tKc eivde is 
3.77 m/s. So -tKaVs ^o*t bo 
some m*to i 七 somCv/Kcv-C- 


- 

How would you sketch a velocity-time graph 
and calculate the value of the duck’s velocity 
from each player’s point of view? 
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shape from slope 


fret the shape of the velocity - time graph 
from the slope of the displacement-time graph 


The easiest way to draw a sketch of the velocity¬ 
time graph is to use the slope of the displacement¬ 
time graph. 


This works because velocity is rate of change of 

d x * Wt talked about 

this at -the o-f 

匕厶 . 

A large positive slope on the displacement-time 
graph corresponds to a large positive velocity. 


displacement, v = -gj . 
Therefore: 


Zero slope on the displacement-time graph 
corresponds to zero velocity. 

A small negative slope on the displacement-time 
graph corresponds to a small negative velocity. 

And so on. 



Y^u already rwoved between the displ 把加⑶七 and 
velocity ih chapter (or graphs of av\ objed: 
with a dohs-bh-t vdo^i-ty, object with 
a^dc\r«|-tioh. 



You can get an equation for 
the velocity by thinking about 
component vectors - right? 


Component vectors are fine here... 

You could work out an equation for the duck’s 
velocity using component vectors. Each player sees 
only one component of the duck’s velocity. If the 
duck is moving directly towards you or away from 
you, you don’t notice its velocity at all. And if the 
duck is in the center, you see it moving with its 
linear velocity, v. 


..but it’s quicker to get an equation for 
the velocity directly from your graph! 

If your velocity-time graph has a “standard shape” 
and you know its period, you’ll be able to work out 
an equation for the velocity using the amplitude of 
the graph... 
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oscillations (part 1) 



amplitude 
o-f youv ^v-apii 
(see pa^c ? 私 ). 
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find the special points 


言 P 


m your pencil 
Solution 


a. The displacement-time graph for player 1 is shown on the top graph. Use the slope of this displacement¬ 
time graph to sketch the duck’s velocity-time graph underneath it. Add extreme values to both graphs where 
appropriate (the circle's diameter is 3.00 m, its period is 2.50 s, and the duck's linear velocity is 3.77 m/s). 


b. Annotate any special points on your graphs to explain why these points occur where they do. 



c. What kind of graph does your velocity-time graph resemble in terms of its shape? Use this to write down 
an equation for v^, the y-component of the velocity in terms of v (the duck's linear velocity), u, and f. 


The shape looks like a jv-apii tos(0\ bedause -the jvaph s*ta\rts a*t "the maximum value- 

The maximum value dosme is I, bu*t n\3%in\un\ value of my is v — 3.T7 m/s. 

So my JV-aph hds By\ ampli*tudc o-f v. 


V 


V 


v tosLQ) also, 0 — 60 七 y/hidh I dd 的 subs*ti*tu*tc m*to my 

v tos((jj{) 




— 


d. What is the value of the duck’s velocity from player 1 's point of view at f = 0.90 s? 

v =■ yCO ^ 60 — HZ 二 rad/s (.!> sd) 

v — v dos(CO*t) 二 3.T? x tosfZ.^I x 0.°\0) =. m/s (Z sd) 


This c^uatio^ ov\\y 
works 0 is 

iradid^s ； so make suv-c 
youv- ^akula*to\r is'm 
the do\rv-c^*t mode- 
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oscillations (part 1) 


y is pav-t o( a 
七以 —€ w i 七 h 
hypotenuse \r. 


But didn’t we say before that the 
definition of sine involved the y-component? 
How come weve ended up with a cosine graph 
from the y-component of the velocity? 


The velocity vector is part of 
a different triangle. 

If you work out the value of the j- 

component of the velocity vector, using 
a right-angled triangle, you get the 

vcos(6). That works out the 
- vcos(cotj^ 3,S 0 — cot. 


answer v 

y 

same as v 


y 



v is pav-t o-f a 
v/’rth 

hypotenuse v. 


The wider definitions of sine and cosine only hold 
true if the angle 6 is measured counter-clockwise 
from the horizontal. So to check the velocity 
component vector triangle, we have to rotate it 
so that 6 is measured counter-clockwise from the 
horizontal. 

This makes v y lie along the j- axis as the side adjacent 
to 6. As cosine involves the ratio of the side that lies 
along the x-axis and the hypotenuse, the equation 


v 


— vcos{cot) makes sense. 



sin(0) = y 


cos 


( 0 ) 


only apply wken 0 is 
measurect counter-clockwise 
from tke korizontal. 


y \ d'ivtulav- motion, 
vclodi-ty ved-tov IS 

PERPENPICULAR by 

七 he vcd*tov- 


The vclo^i*ty ved-fcov 
has 

so you measure 
0 douirrtev* — do 乙 kwise 

•(Vorw 七 he hov-i^o^'tal. 

Now, CosLQ) involves 

•the 乂一 dompo 灼 

y/hi 乙 h i 七 dlv/dys will 

0 is medsuired m 
七 his way. 
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success 


The game is complete! 

This time, the duck-shooting odyssey really is over. The 
game is an overnight fairground success, and Jane’s 
even starting to opening franchises around the country, 
with thousands and thousands of people playing the 
game every day! 




Queue 
Here To 

Plan! 


Player 


2.39 m/s 


2.91 m/s 


Sweet! Business is pouring in. I’m 
cutting you in on 10 percent of the 
profits... were gonna be rich together! 
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oscillations (part 1) 





Amplitude 


The maximum deviation from the center that 
your variable can have is called the amplitude 
of your graph or equation. 
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physics toolbox 



Your Physics Toolbox 

You’ve got Chapter 19 under your belt and 
added some problem-solving concepts to 
our toolbox. 


dc-fihitiohs -fov 
sihC 3hd dosihe 

you mcasuvc 0 douhtcv- 

dodkwise the hovizx>h-bl ： 

sih(@) — 


^ smC 

ov 6os'mC 5 ^^ 

^c^cral ^orm is ： 

六 s’m( 0 ) 
f\tos(6^ 

A a^V»We (tV>e 

—vaUa 七 


Cos(0) 


X 


l/Vo\rkiha out dh 


►\rkihj 

^atioh 


卞 


% 


c^uatioh oy yapli 

The amplitude is -the nr\3^cinrtum 

value that the variable can have. 

•Wse the subs-titutioh 6 — ⑴七 . 

丁 he \rc*tu\rhs *to "the s*tar*t 

ZjC UciidhS, o\r I period. 


£*mc 

\/alue is O a 七 0 二 O. 

卞 


% 


Asm(0) 


A 


jr 


Amplitude 


(9 




卞二 


YOU tSY\ flat 
s*mc di^d ^osme 
jv-aphs 

0 o\r agams 七七 . 


Cosine 

\/dluC is md>(.iinnunn a*t 0 二 0. 


% 


% =■ /\s'm(0) 


/w 


TC 


li*tudc 


e 


A 


Amplitude 


Period, T 
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20 Oscfllcitions (part 2) 




• Springs W swings 



Yes, its lovely to be here, 
but Ive heard all his stories a 
thousand times over. I wish he wasn't 
a quite so repetitive. 



What do you do when something just happens over 

and Over? This chapter is about dealing with oscillations, and helps 
you see the big picture. You’ll put together what you know about graphs, 
equations, forces, energy conservation and periodic motion as you tackle 
springs and pendulums that move with simple harmonic motion to get the 
ultimate “I rule” experience ... without having to repeat yourself too much. 


this is a new chapter 
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plant rockers 


fret rocking, wot talking 

You’ve heard of talking to your plants, but you ain’t seen 
nothing yet! Anne’s been in touch to tell you about the 
latest sensation that’s rocking the gardening world - her 
newly-patented Plant Rocker. 



Anne has only patented the idea - the design is up to you! 


Patent number 910- Plant Rocker 

A spring-operated horticultural device. 

Removes the need to talk to plants. 

Rocks the plant gently with a frequency of 0.750 Hz. 
Direction of rocking motion doesn’t matter. 
Amplitude / size of rocking motion doesn’t matter. 



The plant rocker needs to work for 
three different masses of plant 

Anne has three favorite plants that she wants to rock, but 
they’re all different sizes (and different masses). 



Your design will need to work for all three plants - and Anne 
insists that each of the plants needs its very own rocker. 


Tiic plants must be 
rotVtd 'mdiv'idually 
*m 七 Wee separate 
pUirrb v-otkevs. 




-Pavov-i-tc plants have 

masses. 
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oscillations (part 2) 


A spring will produce regular oscillations 


Anne would like to use a spring to make the plant rocker. 
She’d start it rocking by pulling back the spring then letting 
go so that it oscillates. The direction that the plant rocks 
in doesn’t matter and the amplitude of the rocking (the 
maximum displacement of the plant from the equilibrium 
position in the center) isn’t important either. 

However, Anne is very insistent that the plant rocker must have 

a frequency of 0.750 Hz. 

Time to imagine what it’s like to ... 



Out you pull batk 
ar\d lc*t 50 , 

spvm^ moves 

*to dr\d -fv-o. 

0 ( 


Car 七 v/i-th lov/— 
-Pv-idtio^ v/hccls. 


attadiicd *to 
v/dll dv>d tav-t 




■BE . \hit 



Your job is to imagine 
you’re tire plant, to 
^et an ‘inside 
perspective’ 
on Kow tire 
spring-powered 
plant rocker 
worlds. Each picture 
is taken from a 
different part of {he 
plant rocWs ‘cycle’. 


Draw tire force and 
velocity vectors in 
flie boxes and write 
a brief description of 
Azat’S 贫 oing on beside 
each picture. 


put 

stav-b 

hcvc. 



^I3y.irif»urw 
dispbderwerrt ’m 
ei 七 he\r di\rcdtiOK>. 


Force Brief description 



Spv-"mg 




〉 Velocity 

1 

1 1 

1 y> 1 

1 

\ : ： 


Force Brief description 


Sfv-'mg is at 

Vatuv-al 


Plairrt has jus*t ! 

Spiritj is 
torwpv-csscd- ! 


Q 

mm 

、 Velocity 


\ 




Force Brief description 


Velocity 




Force Brief description 


|-f 七 he -fovdc ov 
vclodi 
v/vi*tc 
七 lie bo%. 


Li 七 y ’is z£ro, 
t ^vo’ m 


七 he pla>rt - ^ 

'y\s -fco hc\rc, i^t’s 


Ov\Cc 

v-C-tu\nr>s -fco hc\rc, 

Completed ov\t cycle- 


n 

iMrf 

Velocity 




1 

1 

k \ 

❺ 

\ 

Force 

k i 



隊 

Velocity 

y : 
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be the plant 




Your job is to imagine 
you’re tire plant, to 
^et an ‘inside 
perspective ， 
on Kow tire 
owered 
er 

Each picture 
is taken from a 
different part of the 
plant rocWs ‘cycle’. 

Draw tire force and 
velocity vectors in 
flie boxes and write 
a brief description of 
Fiat’S ^oin^ on beside 
each picture. 


put 

stav-ts 

hcvc. 



BE .咖卜 


Ald'X.irwurw 
displademeivt *m 
ciihcir div-cdiio^. 




o 





〉 Velocity 

1 

1 1 

i i 

I 



Force Brief description 

Sp\r*mj c>^c\rts -fo\rdc 
*to \rijht Plairrt Y\oi 
movmj yet 


siircidlicd- 


mA I -r 


Spv-'mg is at 

Vatuv-al 

I 

Pla 灼七 has jus*t ! 
divc^tio^. I 

Sp\r"mg is 

dorwpircsscd- ! 崎 



Force Brief description 

No -fo\rdc -f\rom 
sp\r*mg y/hci^ m 


Z^v~o. 

Velocity 


equilibrium posrticm: 


Force Brief description 


Velocity 

Z-cv-o. 
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Force Brief description 


Z^C\ro. 



liiiy 

〉 Velocity 

o~r(y 

i 

i 

i 

、 : ^ : 


|-f 七 lie -fovtc ov- 
vclo^i*ty is zjtvo, 
v/v'i*tc 'zjCVo’ ’m 
七 he bo%. 


Oy\Cc "the - 

v-ctuv-r>s -fco hcv-c, i 七 ’s 一 
Completed ov\t Cydt- 



Mo ^oYCt -fvorn 
sp\r*m^ y/hci^ pla^*t m 
equilibrium posrticmi 


Force Brief description 


Velocity 

Z-cv-o. 



Any time you stretch or compress a spring away 
from its equilibrium position, the spring exerts 
a force in the opposite direction from the 
displacement. 

When you pull the plant to the left and let go, the 
force that the spring exerts on it accelerates 
the plant to the right. As the spring becomes less 
stretched, it exerts a smaller force. This continues 
until the spring is back at its equilibrium position. 
There is no net force on the plant when the spring is 
in the equilibrium position. 


A 



With no net force, the plant continues with the 
same velocity, overshoots the equilibrium 
position and begins to compress the spring. As 
the spring gets shorter and shorter, it exerts a 
larger and larger leftwards force on the plant, 
slowing the plant down. The plant is briefly 
stationary at the maximum displacement. 

Then the plant accelerates to the left, passes 
through the equilibrium position, overshoots 
and ends up back where it started - a complete 
cycle of motion. 
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oscillations (part 2) 


Pisplacement from equilibrium awd strength of spring affect the force 


You know how the plant rocker works qualitatively. Now it’s 
time to be quantitative and start working out some values. 

The force that the spring exerts depends on: 


The change in the spring’s length. 
The greater the displacement fro 

equilibrium, the greater the force. 


|-f you double 

e'uilibvium，you 
double i\\t 



The strength of the spring. 

The stronger the spring, 

the greater the force. 


^^arpen your pencil 




is a capital 七 he sp 叫 

is a small k. Take davc r>oi -to 


rwnc 


七 hei 


U P- 


This is summed up by the equation F s = -Ax, 
where F is the force exerted by the spring, x is 
the displacement from the equilibrium position 
and k is the spring constant, a measure of the 
strength of the spring. There’s a minus sign 
in the equation because the force is in the 
opposite direction from the displacement. This 
relationship is known as Hooke’s Law. 

?oYCt f ^siar>i 



S 


-Pv-orw e^uilibv-iui 


posi 七 io 灼 . 

Use a rw'mus s\y\ {jo show 七 ha 七 -the -fov-dc 
七 he spv-'mj c^cv-ts *m \v\ ihc opposite 
dilrcdiio^ -f\rorw 七 he displadCrwCht 


a. Use the equation F s = -kx to work out the 
units of /c, the spring constant (in kg, m, s, etc). 


b. The plant rocker is to have a frequency of 
0.750 Hz. What is its period? 


c. Use the equation F s = -kx to explain whether you think using a stronger spring (with a larger spring 
constant) will have an effect on the period. 


d. Do you think there are any other variables that would change the period? 
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anything else? 


(^Sharpen your pencil 

Solution 


a. Use the equation F s = -kx to work out the 
units of /c, the spring constant (in kg, m, s, etc). 


F 

今 k 


•k>C 今 md 
^ Ck3 
Ck] 


一 k>c 

~c%r 

k<\Vs z 


[k ] 二 k a A z 


b. The plant rocker is to have a frequency of 
0.750 Hz. What is its period? 

Pc\riod, T, is ^umbcv- o( sc 匕 o 灼 ds pc\r ^ydlc- 
F\rc<\uc^y, (, is number o-f tyt\ts pev- sc 乙 cmd. 


I3Z s (Z sd) 


O.l^O 


c. Use the equation F s = -kx to explain whether you think using a stronger spring (with a larger spring 
constant) will have an effect on the period. 

l-f you have d s*t\roir\g sp\r*mg By\A a y/cakc\r sp\r*mg By\A full bo*th bd^k sd^e displadcmeirrt a 七 
s*ta\rt, -the s*broir^ sp\r*mg will ad^clc\ra*tc the pla 灼七 mo\rc vapidly, bedduse d la\rjc k med^s a lavjc -fov-^c- 
Ovw/tt *thc plants moved *thv-ou5h *thc equilibrium position, i*t1l dlso dc^clc\ra*tc *tiiC flairrt full i*t 

bddk m *tiic opposi*tc di\re 匕七 ’10 的 mo\rc ^ui^kly. So | *tlVmk a s*broir^e\r sp\r*mj will ledd *to d sho\rtc\r pc\riod. 

d. Do you think there are any other variables that would change the period? 

F — ma, so i-f *thc is mo\rc massive i*t1l a^^clc\ra*tc less ^\\CY\ you pull i 七 ba 匕 k. So i 七 won’ 七 move so 
t^uidkly *thc peviod v/ill be sho\rtc\r. The a^ouirrt you pull pldirrt bd^k may also *thc pev-iod? 



Why do we want to calculate the 
force that the spring exerts on the plant? 

Any time you’re dealing with forces, it's 
good to start with a free body diagram and 
work out the net force (like you did when you 
were ‘being’ the plant). 

How do you know that doubling the 
spring’s displacement from equilibrium 
doubles the force? 

By experimenting with springs! There 
was a bit of this back in chapter 11 when we 
were dealing with how scales measure your 
weight. 


So how would you measure a 
spring constant? Surely springs don’t 
come with one written on? 

A strong spring with a large spring 
constant will stretch less than a weaker 
spring when you apply the same force to it 
by hanging the same mass from it. 

So if you measure the spring’s displacement 
from equilibrium (i.e. its change in length) 
for a variety of masses, you can plot a graph. 
You can use the graph to calculate the spring 
constant. You’ll calculate a spring constant 
later on in this chapter. 


Are the extremes and the 
equilibrium position ‘special points ’？ 

Yes. When the displacement is at its 
maximum, the force is also at its maximum 
(though they’re in opposite directions). The 
velocity is zero at the extremes when the 
plant is changing direction. 

In the equilibrium position, there’s no net 
force on the plant, so it continues at its 
current (and maximum) velocity). f 

Will thinking about the force help 
us with the frequency of the oscillations? 

We're just getting on to that... 
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oscillations (part 2) 



Graphs of the plant rocker’s motion will help you to work out an equation that connects the spring 
constant with the frequency of oscillations. The plant starts off at x = x Q . 

Sketch graphs of the plant’s displacement, velocity and acceleration vs time for one cycle of its motion with 
a period of 1.33 s (same as a frequency of 0.750 Hz). Start off by marking the 'special points' where you’d 
find the maximum of each variable, and sketch on from there. We've already put some of them on for you. 


ttal-fv/ay —- ^ 


PUt 、 I 

here. 


0.67 s 


1.33 s 


Plajvt’s 

othcv- dime 匕 "tio 灼 . 




Jus*t tall 

Vcloti*ty 

v -fov 
morwCr>*t - You II 
乙 akula 七 e I 七 la*tc\r. 


I 

+ 


I 

H I 


丄 


V 

A 


j 



Cytlc 

plarrt 


cv\ds W\{}\ 
bd^k Kcv-c- 

H’mt iVoirk ou*t 
v/hai "time the 

pla^i will ireadh 

C^uilib\riunr» position. 


W\y\b Poes *tKc plar\*t 

yt slov/cv- or -fas*tcv 
as it appv-oadiics its 


ttmt: Does -the pla^t 
tu\rh d\rouhd suddenly 
o\r slowly ai -the Chds? 


Use ihc 
'special poijrrts, 
rweivtiemed 
hcv-c -to help. 

I 

ttm 七 : use F - rrva 
av\A F — -k% 

•fco y/ovk ou 七 

value -fov 
•tKc a^clcvatior\. 




ttm 七 : Use the slopes 
By\d values o( bits o-f 
■the yaphs you k^ov/ 
*to wo\rk out v/ha 七 
*thc othev* graphs 
must be 
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graphs always help 


%iharpen your pencil 

Solution 


Pla^-t . 

stav-b x , 
hcvc- 


Graphs of the plant rocker’s motion will help you to work out an equation that connects the spring 
constant with the frequency of oscillations. The plant starts off at x = x 0 . 

Sketch graphs of the plant’s displacement, velocity and acceleration vs time for one cycle of its motion with 
a period of 1.33 s (same as a frequency of 0.750 Hz). Start off by marking the 'special points' where you’d 
find the maximum of each variable, and sketch on from there. We've already put some of them on for you. 

- ^ 

七 Wou 吵 0.( 


x 


0.67 s 


1.33 s 


Pla^s 

oihcir di\rcdtior>. 





\ K< 

一 „ 

iff ⑼ s srwoo 七 lily • 
suddenly. 


_ 


V 



V 

A 


a 


k>c 


max 


V . 

See 

匕 dlduldlioh. 



vclo£.i*ty is m 
C^uilibv-ium position, 
\n\\cv\ % ar\d a av-c \>oi\\ O. 
\ 





Cytlc 
tv\ds Kcvc- 

Maximum a^^clc\ra*tioi^ ^dkuld*tioir \： 
p =1 m a n -kx. 




a 


-k>c 

k>c 


Maximum ad^clc\ra*tioi^ 灼 *tiiCvVs 

^±> a 二 


kx 


V 


a =• 0 at 

C<^uilib\riun 
position 


.0 pldr>*t 
is avour>d- 


^ddclcva*tior\ 3*t ma^irwurw y/iiC 於 

disladcrwc^*t IS a*t rwa%irwurw 
(七 hou# m offosrte dive 匕七 io 灼 ). 




Addclcv-atior^ yafii miv-vovs 

displadcmcir\*t yaph as P 二 so 
% av\d a ave m opposite dive 匕七 i<^s. 
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oscillations (part 2) 


A mass on a spring moves like a 
side - ow view of circular motion 


Looking at the plant rocker - a mass on a 
spring - from side on is identical to looking at 

circular motion from side on. 


Exiv-cmcs o( 



Tuv-k> youv head {jo 
七 he bo see 七 his 

like ihc gvaph ov\ 

"the opposite page/ 


Tke ctisplacement, 
velocity and 
acceleration-time 
graplts oi a mass 
on a spring are all 
sinusoids. 


This means that the graphs for the plant’s 

displacement ， velocity and acceleration 

are the same shapes as the equivalent graphs 
for circular motion viewed from side on. 

So the plant rocker must use the same types 
of equations as the side-on view of circular 
motion. This means that the equations for 
the plant rocker’s displacement, velocity and 
acceleration will involve sines and cosines. 
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simple harmonic motion 


A mass on a spring moves with 
simple harmonic motion 

The plant rocker oscillates to-and-fro because of a 'restoring 
force’ from the spring, F g = -kx.. 

The force is directly proportional to the spring’s displacement 
from the equilibrium position and acts in the opposite direction 
from the displacement. The graphs you sketched of the plant 
rocker confirm that the acceleration - and therefore the force - is 
always in the opposite direction from the displacement. 


You get simple karmonic 
motion wken tke 
restoring iorce is 
ctirectly proportional to 
tke displacement, tut in 
tke opposite ctirection. 


X 0.67 s 1.33 s 





A Vmusoidal’ 

jv-aph cbv\ be 
pvodudcd by 
a s'mc o\r a 
dos'mc — it’s a 
-Pov 七 he 


v/avc shape- 


This kind of situation, where the restoring force is 
proportional to the displacement from the equlibrium 
position, is common enough in physics for it to be given its 
own name, simple harmonic motion, or SHM. 


SHM always produces these kinds of sinusoidal 
displacement-time, velocity - time and acceleration-time 
graphs. A “simple harmonic” is another name for a sinusoid. 
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oscillations (part 2) 


Can I use the equations for 
frequency and period that I learned 
for side-on circular motion with simple 

harmonic motion? 

1 ， ^ 

Yes - the equations for the frequency, 
period，maximum speed，etc are the same 

If you set up a mass on a spring and a side-on circular 
motion on a turntable next to each other, they look 
identical. The shapes of their displacement-time, velocity¬ 
time and acceleration-time graphs are identical. 

This means you can use all the equations you already know 
for the frequency, period and angular frequency of circular 
motion for simple harmonic motion. 


O O 









Aqubv and speed 

bolh have -the same siz< bo-th 
havc uhiis vad\at\s pev- sctov\d. 
They’ve edacity ih e sa^e 

Yo[a cay\ -fvory* -the -fvc^uc^dy, -f, 
■to ihe a^ulav *(Ve«\uei^y, oo , wiih 
七 he 七 ioh: 


0 ) 




Stt/Vl has a 

•(W'ue 仏 y and 
a period, so you 

use all the 

equations you 
3 lv*c 3 dy k^ow -Pvor 

乙 ivdulav rwo*tio^. 


tJiereicire no I 

Dumb Questi 


a 妁 d ^v"»od 

Fvc«\uc^Y ， ^ »s C^c\ts ytr sttor^d- 
peviod, T, is scdor>ds \>CV- tytlc- 

Bctausc -b^cyVc vcla-tcd like ^' s： 




J 




You ddh do 
dll so\rts of 
dombmir^ 
v-cav-v-a^jmg 
C<\uaiio^s v/i 七 h 
"these tv/o pos-ti-t 

灼。 "tes. 


ons 



It seems like a big jump from a mass on a spring to three 
sinusoidal graphs. Can you run some of that by me again? 




Is simple harmonic motion exactly like looking at circular 
motion from side on? 


The key thing is that you have a situation where the force is 
directly proportional to the displacement from the equilibrium position, 
and in the opposite direction from the displacement. Any time this 
is the case - whether the force is provided by a spring or something 
else - you have simple harmonic motion. 

What does simple harmonic motion look like? 

If you watch the mass on the spring from side-on, you'll see 
that the mass moves quickly through the equilibrium position but 
slowly at each end of the motion, and transitions smoothly between 
these velocitites. 


Yes! If you have simple harmonic motion (SHM) and circular 
motion with the same period and look at them from side-on, they 
appear identical. 

With SHM there’s an acceleration produced by the force of 
the spring which I can plot on a graph. Where’s the acceleration 
in circular motion? 

If an object’s moving around a circle, there must be a 
centripetal acceleration provided by something in order for the 
circular motion to be possible. So the acceleration-time graph of 
circular motion viewed from side on would be the component of the 
centripetal acceleration that you can see from your vantage point. 
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no calculus required 


But how can you be sure that the graphs for 
the spring are sines and cosines? What if they 
look similar, but aren*t exactly the same? 


O 



Actually proving this requires calculus 

You did a substitution to work out the maximum value 
of the acceleration to put on your graph: F = -kx. and 
also F = ma, so if you do a substitution for F you get 
-Ax = msi; rearranged, this is a = -去 x 

At the moment, this is an equation containing two 
quantities that are constant throughout the plant’s 
motion {k and m) and two that vary (a and x). You 
can’t use one equation to work out two unknowns. 


However, acceleration is rate of change of 
displacement, a = . You can substitute this in the 

equation a = -J-x to get -gj- = -4x This doesn’t 


m 


appear to help, as there are still two unknowns (v 
and x) in the equation. But as displacement is rate of 


change of velocity, v 
substitution to get ^ 



， you can make another 


m 


X • 


This equation only has one unknown, x, but you need 
calculus to solve it. Don’t worry - we’ve given you the 
ready-bake solution on the opposite page 



^elax 


You don’t have to do 
calculus! 

You don’t need to be able to go line by 
line from the nasty-looking equation 

^ (■^) = to the ready-bake 

equation on the opposite page. On a 
non-calculus course, you’ll only need to apply 
the ready-bake equation to solve problems. 
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oscillations (part 2) 


Simple harmonic motion is sinusoidal 

The mass starts off with its maximum displacement at 
^ = 0. This means that the equation must be some kind 
of cosine, as cosine is also at its maximum when 1 = 0. 


The exact form of the equation is x = x cos 


(I^ 1 } 



R 鄉 9 Baw 


匕 osme is 3 

md'X.imunrt when 七二 O 





Wtrt, 6 av\d 0) arc 

"tools 

vatKcv- ad*tual 
pjiysital a^lcs. 


It looks like you don’t need to 
have an angle to have a sinusoid 
shape, even though sine and cosine 
usually involve angles? 




The value you fi put into 9 the cosine 
function is equal to the angle in an 
equivalent side-on circular set-up. 

If you set up a plant on a spring and a duck on a 
turntable next to each other so that they both have 
the same amplitude and frequency, their motion 
looks identical from side on. 

You can describe circular motion viewed from side 
on in terms of the angle 6 that the turntable has 
moved through, using the equation x = x Q cos ⑼. 
You can describe circular motion in terms of time 
using the same equation with the substitution 
6 = cot to get x = x Q cos(o^). 

As the circular and simple harmonic motion look 
identical from side on, the equation for SHM has 
the same form as the equation for side-on circular 
motion, despite the fact that there are no physical 
angles involved with the plant on the spring. 





How can you use the equation for SHM to 
work out the frequency of the plant rocker? 


of %, *tKcvc-fovc 
a—rtude J rwo*t*ioir>. 


Hey ... are you close 
to working out how to 
rock my plants at the 
right frequency? 
















work out the constants 


Work out cowstawts by comparing a situation 
specific equation with a standard equation 


% a 灼 d 七 av-c 
vav'iablcs. 


The ‘standard’ equation for simple harmonic 
motion (and circular motion from side on) that 
starts at a maximum is x = Acos(o^).<T 、 You 

The equation for the plant’s displacement is 

x = x o cos (jl 1 ，) . 

If you ‘line up’ these two equations, you can see 
that they’re identical in ‘form’ but that there are 
different variables in 'important places’. 


X 


Look at the amplitude 

Both equations consist of a cosine multiplied 
by something. In the ‘standard’ equation, that 
something is A, the amplitude, which gives 
you the maximum value that the equation can 
have (since the maximum value of cosine is 1). 

In your displacement equation, the amplitude 
is x Q , which is how far you pulled the plant 
rocker back at the start - it’s the maximum 
value the displacement can have. 


% 



,k dr>d rvv avc 
乙 ov>s*tarrb -fov- oY\t 

Vu^ plaint vodkcv"- 



Look at the argument of the cosine 

Both equations contain the cosine of a quantity. In 
the ‘standard’ equation, this quantity is cot, the angular 
frequency multiplied by the time. As the definition of 
angular frequency is ⑴ = 2 jt/J you can work out the 
frequency and period if you know the value of 0). 

In your equation, you have the cosine of t . So J~' 


t m 

this equation is equivalent to cot in the 'standard equation. 

You can write down the new equation — and use 
this to calculate the frequency of the plant rocker. 
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O 


Hang on! Surely you can only use 
uu when you have a circle, as \Ys 
radians per second?! We don’t have a 
circle, or any other angles! 


Here, the variable w is a tool you 
can use to get what you want. 

The 'standard 5 equation could also be written 
x = x 0 cos(2^) (as 0) = 2jrf) which doesn’t 
involve 0) at all, only f. 

The mass on a spring has a frequency 
(number of cycles per second). You want to 
know how to produce oscillations with this 
frequency, and can use a; as a mathematical 
tool to get there. 


Compare your 
equation witli 
tke f starutarcT 
one to work out 
tke amplitude 
and frequency 
ol your SHM. 









oscillations (part 2) 



You have three plants with masses of 100, 250 and 500 grams respectively. You wish to attach each of 
them to an individual spring so that they can be rocked horizontally with a frequency of 0.750 Hz. 


HP 


m 


f with the 


a. Compare the equation x = x 0 cos (、 
standard equation for simple harmonic motion to work 
out an equation for the frequency of the plant rocker. 


b. Check your equation over by imagining what 
would happen if k and m were altered one at a 
time. Jot down your thoughts about whether your 
equation behaves as the plant would in real life. 


v c. Calculate the spring constant required to rock each plant with a frequency of 0.750 Hz when the plant 
rocker is pulled back to x 0 = 10.0 cm at f = 0 to start off with. 

W\Y\b Voull bo v/ov-k 
ou*t uv^i*ts 3s y/cll- 


d. Would it be possible to use the same strength of spring for all three plants if you pulled the plants back 
different distances to start off the plant rocker? Why / why not? 
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solution 


You have three plants with masses of 100, 250 and 500 grams respectively. You wish to attach each of 
them to an individual spring so that they can be rocked horizontally with a frequency of 0.750 Hz. 




m 


f with the 


a. Compare the equation x = x Q cos 
standard equation for simple harmonic motion to work 
out an equation for the frequency of the plant rocker. 

i S*ta^da\rdl , c«\ua*tio ^： — 


Mass oy\ d spv-mj ： 





产 (㈣ 


TW\s y/orks bedduse 
CO 二 


JF 令 w 二 JF 

^ -f = 




b. Check your equation over by imagining what 
would happen if/c and m were altered one at a 
time. Jot down your thoughts about whether your 
equation behaves as the plant would in real life. 

l-f k is bigjcv-, -the c<\ua*tioir\ says -that 
-f\rc<\uc^^y yb This makes as 

^oYCt would be lav-^cv- so would 

ad^clcv-a*tc mov-c d)^d move mo\rc <\ui 匕 kly. 

l-f m is bigyv-, -the c<\ua*tio 灼 says *tiic 

yb lower. This makes as -the 
would be same bu 七 mass would be 

lav-jev-, so pla 灼七 wouldn't ad^clcv-a*tc as mu 匕 h 

y/ould move mo\rc slowly. 


c. Calculate the spring constant required to rock each plant with a frequency of 0.750 Hz when the plant 
rocker is pulled back to x 0 = 10.0 cm at f = 0 to start off with. 



You tav\ get the uhits <^f -the spv-'ma 
^OhS-bh-t -Plrom -the Uhits o( the 

“d side d youir c<\uatioh. 


=0 -f z 

今 k 


k 



lOO 5 k — 午 JT Z x O.lOO x O.l^O 1 — Z.ZZ kc/s z (i sd) 

VyO 5 k — 午 JT Z x O.VyO x O.l^O 1 — 弓 ko/s z (Z sd) 

^OO g k —午 JT Z x O.^OO x O.l^O 1 — 11.1 k<\/s z (Z sd) 



V^>u y\ttd the 
masses *bo be 
•m kilo^v-ams, 
^o*t yams. 


d. Would it be possible to use the same strength of spring for all three plants if you pulled the plants back 
different distances to start off the plant rocker? Why / why not? 

Mo, bedduse -the -fv-c^uc^dy doesn't depend om amplitude, cmly -the sp\r*m^ dons-ta^-t mass. 

So -fv-c^uc^dy v/ill be -the same hov/cvcv- -fav- badk you pull -the pla^*t a*t the s*ta\rt- 


x = A cost cut i is the standard equation for any 

SHM. For a mass on a spring, 

/vl- Use *tKis c^uatior^ *to 

solve ANV SttM pvoblcm. 
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CO is d -tool 
七 hat Jives you 
what you wa 灼七 

■fco -Pmd 


七 . 












Question Cliwic: The "This equation is like that owe" Question 



In physics, you sometimes come across specific 
instances of general equations. One example of this is the 
general equation for simple harmonic motion, x = Acos(uut). ANY object moving 
with simple harmonic motion will have an equation of this form (or an equation of 
the form x = Asin(uut) if the motion starts at x = 0. In the equation, A represents 
the amplitude - the maximum value of x. And the argument of the cosine is always 
equal to uut. This means that you can calculate w, and from it f and T. 



^t\\ o-f tiic vaviablcs 
-tiic c^u3*tior\ is dc-f mcd iicvc- 


See also i\\t c<\uatior^ 

Y — mX. + d, dovcv-cd *»» 
appendi% i. 


TKis is 
amplitude 

TKis medr^s you dompav-c i*t 
*tKc c<\uatior\ % — M<> s (⑴七) 
*to yt amplitude 3r\d a^^ulav* 
-fvc^uc^dy. 


You can solve 
problems ty 
spotting tkat an 
equation is like 
one you already 
know about ， 
and making 
substitutions. 


a 


bytheequation ^ 

「By comparing this equation with the standard 
■ pnnation for pimple harmonic motion, work out 

b. Calculate the spring ⑽ _ to a 

Go gram plant with a frequency of 0.750 Hz. 


>u v/'ill JcitY\ Kavc b> use *tKc 


fC to use tnc to^at\oY\ you ^ 
v/ovk out bo Ao a daldulatior^. po^t v/o\r\ry - i-f 
you yt C<\uatioir> v/ovk 七 he 

r\umbcv~s OK, you II y 七 partial dvedit 


The key thing in a question like this 
is keeping track of what is plotted on each 
axis in each equation, especially if they use different 
letters for the things plotted on the horizontal and 
vertical axes. Do a sketch of each graph and write 
the letters on to help you keep track. 


；o 0) 




So 


^ 二 f 
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0 







































frequency and shm 




Looks like the frequency 
and period don’t depend 
on the amplitude? 


The frequency of SHM is the same ， 
whatever the amplitude. 

SHM and circular motion viewed from side- 
on look exactly the same. If you follow two 
objects at different radii on a rotating disc, they 
have the same period but the outer object 
moves more rapidly and appears to ‘overtake’ 
the inner one before shooting out to a larger 
amplitude. Because it’s travelling more rapidly, 
the outer object requires a larger centripetal 
force to maintain its circular motion. 



The pc\riod, T, is *time i 七 
•takes -fo\r OY\t dydlc 


You daldula*tc OJ -from T. 

This opc^s up bemj able 
*to daldulaie k Bv\d m, as ⑴ =： 

TKc -— ^ 

depends ohly oy\ k ay\d ^ 
TKcrcW, 谷 c'u 叫孙 d 

period depend oy\ k ay\d 

ku*t ^o*t ov\ *tV^c amplitude. 


Whlcss you damage 
七 he sp\rih0 by ovcv*— 
stv-ctdliihg it whch you 
pull it — thch you 

woh'-t gc-t Sft/W ai all, 

jus-t a \rcpaiv- bill/ 



T 





It’s the same with a mass on a spring. If you 
pull the spring further back at the start, a 
larger force acts on the mass, and the mass 
achieves a higher velocity through the 
equilibrium position. But this means that the 
mass has more momentum, so it ‘overshoots’ 
further than an oscillation with the same mass 
and a smaller amplitude. 

However large the amplitude of the mass’s 
oscillations, the SHM will always have the 
same period, and the same frequency. 


The -fv-c^uci^dy, is 七 he 
^umbev- dydlcs pc\r 


Tke frecruency and 

period o - SHM 

cton’t ctepenct on 
tke amplitude. 
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oscillations (part 2) 


You rock! Or at least Anne's plants do 

You’ve designed Anne’s patented horticultural talk-free device 
- and it rocks! First of all, you worked out how the spring makes 
the plant oscillate and found out about Hooke’s Law, F = -kx.. 


Then you sketched graphs of the plant’s displacement, 
velocity and acceleration and spotted that they have similar 
shapes to graphs of circular motion when the motion is viewed 
from side on. This is simple harmonic motion - and you 
always get these shapes of graphs when the restoring force is 
proportional to the displacement from the equilibrium position. 


I I 

I 


1( the (oru is "to the 

displa^cnr»Ch*t (but ih opposite 
di\rc^tio^) thch you helve sfi/W. 



Simple karnionic motion 
is sinusoidal. Tkis lets you 
calculate tke frequency, 
period, amplitude, etc, 
as tke eejuation lias a 
standarct iormat. 


After getting the ready-bake (calculus-derived) equation for the 

displacment, x = x Q cos ( 價心 ， you compared it with the 'standard 5 
equation for simple harmonic motion x = Acos (⑴ ,).Comparing 
the arguments of the cosines in the equations let you write down 

the equation cot — t and then co = ^ , which enabled you to 
calculate the spring constant each plant would need. 


And it doesn’t matter how far back you pull the plant to start it 
off, as the frequency and period of SHM don’t depend on the 
amplitude of the motion. 


Put Awwe forgot to mention someting 
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What might the maximum velocity of a 
mass on a spring depend on? 


That*s great! But I forgot to 
say before - I’d like the plant to 
have a maximum velocity of exactly 
1.50 m/s. I hope thafs OK ... 


























elastic potential energy 


Our design^ brilliant - but Anne 
wants the plant’s maximum velocity 
to be exactly 1.50 m/s. 



A compressect or 
stretekect spring 
kas elastic potential 
energ y You can use 
energy conservation 
to solve problems 
tkat involve springs. 

夕 

To use a^^clcv-a*tioir\, 

vdo^i*ty displa 匕 

hcv-c, you’d have *bo 50 3 的 d 

*bdke d ddkulus bourse -fiv-st 

Bcs*t *to use ... 


Jim: I guess that the maximum velocity’s gonna depend on how far 
back we pull the plant at the start. 

Frank: Yeah, the larger the displacement from equilibrium, the 
larger the force from the spring and the larger the acceleration. 
The plant has its maximum velocity as it goes through the 
equilibrium position, before the spring starts to slow it down again. 

Joe: But if the initial displacement is too large, the plant will go too 
fast. We need to calculate exactly how far back we need to pull the 
plant to give it a velocity of 1.50 m/s in the center. 


Frank: I guess we could go take a calculus class then come back 
and have a go at solving those sinusoidal equations. NOT!! 

Jim: I’m sure there must be another way - if we draw enough free 
body diagrams and force vectors, maybe we’ll spot something. 


Joe: Hey ... we’re only thinking about using forces. But isn’t it 
usually easier to use energy in problems where that’s possible? 

Frank: Perhaps ... differences drive change that lead to energy 
transfer. Well, the velocity of the plant is changing all the time. 

Joe: And so’s the length of the spring. You start off with elastic 
potential energy in the stretched spring, then have entirely 
kinetic energy in the equilibrium position, and then entirely 
potential again at the other extreme. 

Jim: Yeah when the velocity is at its maximum, all of the potential 
energy the spring had at the start is now kinetic energy K — V^mv 2 . 

Frank: Which has v in it! If we know how large the spring’s 
potential energy store is at the start, we can use energy conservation 
to calculate the plant’s velocity in the center, when the elastic 
potential energy is zero. That works! 

Joe: So we give the spring potential energy at the start... 

Jim: Yeah, we do work on the spring, to do that, right? And 
work = force x displacement. Sorted! 

Joe: Um ... but which force do we use? As you stretch the spring, 
the force we’re doing work against gets larger and larger. 

Frank: The work is the area under the force-displacement 
graph. Gan we calculate that? 
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oscillations (part 2) 



TWis is a Kav-d Take time *to 

yt youv Kead av-our\d i*t> a^d do 灼七 
be v/o 代 icd i*f rt takes you d v/iVilc. 


a. Use the axes below to sketch a graph of force applied vs displacement as you stretch a spring with 
spring constant /c to displacement x Q . As your graph is of the force you need to apply to extend the 
spring, rather than the force that the spring exerts on you, the force and displacement lie in the same 
direction, and the value of the force is F = kx. 



b. Mark on the value of F when the displacement = x 0 . 

c. The total work done is the total area between your graph and the horizontal axis. Calculate this area 
and hence write down an equation for the work done in stretching the spring to displacement x 0 . 


厂 The subsdv-ip*t *mdida*tcs 

J. B sp\r*m^ is involved- 

d. How much elastic potential energy, U s , is transferred to a spring with spring constant k by stretching 
it displacement x 0 from its equilibrium position? 
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transfer of energy 


r^lj^rpei your pencil 


a. Use the axes below to sketch a graph of force applied vs displacement as you stretch a spring with 
spring constant /c to displacement x Q . As your graph is of the force you need to apply to extend the 
spring, rather than the force that the spring exerts on you, the force and displacement lie in the same 
direction, and the value of the force is F = kx. 






T\\t area ur^dc^r is 

a 七 via 灼咖 Tiiis Kas Kal-r 
av-ea a v-cd-ta^^lc v/rBi 
same side y/ould. 


Kinetic 


x 


b. Mark on the value of F when the displacement = x 0 . 

c. The total work done is the total area between your graph and the horizontal axis. Calculate this area 
and hence write down an equation for the work done in stretching the spring to displacement x . 


l/Vo\rk &OY\t — d\red ui^dcv- F-x. 

lVo\rk doY\t — o-f *tvia^lc 

The av-ca o-f -the *tv"ia^lc is hal-f av-ca o-f a 

same ho\ri2jo^*tal vc\rtidal sides. 

l/Vo\rk doy\C — ^ x base ^ hei# 七 


lVo\rk doY\t 


Vz ^ % x k>c 

o o 

VzV.% z 

o 


Tke work done against a lorce 
is equal to tke area uncter tke 
force - cfisplacement gfrapk. 


d. How much elastic potential energy, U s , is transferred to a spring with spring 
constant k by stretching it displacement x from its equilibrium position? 


U 
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But how can the plant*s 
total energy be ikx 0 2 when 
ifs hardly ever at x 0 ? 


The total energy of a mass on a spring 
depends on the spring constant and amplitude. 


When you pull the plant back, you do work on the spring by 
extending it. Doing work involves energy transfer and the 
elastic potential energy of the spring increases. 


When you let go, this potential energy is gradually transferred 
to kinetic energy as the plant’s velocity increases. In the 
equilibrium position, there’s only kinetic energy. As the plant 
moves past the equilibrium position, the kinetic energy is 
transferred to elastic potential energy once again ... etc! 

The potential energy at any displacement is V^iksr and the 
kinetic energy is V^mv 2 . But the total energy of the system is 
always l / 2 kx Q 2 . 


your pencil 




a. Sketch graphs of K, the kinetic energy and U, 
the potential energy, for one complete cycle of 
the plant rocker. 



K A 


U A 





b. Use conservation of energy to come up with 
an equation for v max , the maximum velocity of 
the plant, in terms of k, m and x Q/ the initial (and 
maximum) displacement. 


c. A plant, mass 100 g, is attached to a horizontal 
spring, spring constant 2.22 Nm. What should 
its initial displacement, x 0 , be if the plant's 
maximum velocity is to be 1.50 m/s? 
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the spring constant 


(^Jharpen your pencil 

Solution 


a. Sketch graphs of K, the kinetic energy and U, 
the potential energy, for one complete cycle of 
the plant rocker. 


x 


K 


Maximum ^ a*t zjcv-o 

disfla 以你 ⑼七 


U 



b. Use conservation of energy to come up with 
an equation for v max , the maximum velocity of 
the plant, in terms of k, m and x 0 , the initial (and 
maximum) displacement. 

/VIa>ciir»\uw\ ^ — U 

1 

1 m2 


^k>c Q z 


z 


V 




c. A plant, mass 100 g, is attached to a horizontal 
spring, spring constant 2.22 Nm. What should 
its initial displacement, x 0 , be if the plant’s 
maximum velocity is to be 1.50 m/s? 


v 


is a sealan so is positive cvc^ 

i\\t disf lade 你⑶七 is i^c^a-tivc. 


二 > % : 



X. = 

0 


o.loo 1 


1.11 

% = 

- 031^ m 


x 


o 


u 


S 


%kx 2 


Tke elastic potential 
energy ol a spring 
depends on tke 
amplitucte and tke 
spring constant. 



Dumb Questions 

But what about the mass of the spring? We 
didn’t include that in the energy calculation, just 
the mass of the plant. 

We made an approximation that the spring 
is massless - both here and before, when we were 
dealing with forces. If the mass of the spring is 
negligible compared to the mass of the plant, this is 
a reasonable simplifying assumption to make. If the 
mass of the spring wasn’t negligible, we’d have to take 
into account the fact that different parts of the spring 
have different displacements - which is hard! 
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oscillations (part 2) 


The plants rock - awd you rule! 

You’ve tied together your knowledge from lots of 
different areas of physics to give the plant rocker a 
known frequency and maximum velocity. Excellent! 



A Wcot) 

/T\ 




Period, T 



You vc also 
iiicsc yapK sKapcs. 


% 


A 


二 h tos(O) 七） 



hysics Superpowers 

Forces - analysing a problem using a free body diagram. 

Displacement, velocity and acceleration - using the 
relationships between them. 


/w 



Graphs - showing what the motion’s like visually. 

Circular motion - spotting that the motion is like circular motion 
viewed from side on. 

Equations - showing what the motion’s like symbolically. 

Standard * equations - spotting that your equation is like an 
equation that you already know. 



Wken you comtine 
superpowers like tkis, 
you’re really tkinkingf 
like a pkysicist! 


Energy conservation - spotting that there are potential and 
kinetic energy stores and energy is continually transferred 
between them. 


Work - calculating the work done on the spring. 


Area - calculating the area under the force - displacement graph 


Angular quantities - using the analogy with the standard 
equation to move from co to f, and also to k and m. 


Algebra and substitution - calculating the velocity from the 
maximum potential and kinetic energy. 
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what is it, kenneth? 


Put wow the plant rocker's 
frequency has changed... 


Although Anne is initially pleased with your 
solution, she’s soon back in touch with a problem 
- the plant rocker’s frequency has changed. Each 
cycle’s taking longer than it did before, so the 
frequency is lower than it should be. 



It was working fine before 
- but now each cycles taking 
longer than it should. 






What could have changed the 
frequency of the plant rocker? 
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oscillations (part 2) 


I wonder whafs gone wrong. 
The plant rockers were working 
fine at first... 


Jim: Anne’s been watering the plants, right? Maybe the spring got 
rusty or something, and its spring constant changed. 


Joe: Actually - if she’s watered the plants, then their masses will 
have changed. 

Frank: Oh yeah - the frequency depends on the mass, doen’t it. 

Jim: Yeah, a more massive plant won’t accelerate so rapidly. The 
force on it is still the same, but F = ma so the acceleration will be 
smaller if m is larger. The plant will take longer to do one oscillation. 
That’s why the frequency’s gone down and the period’s gone up. 

Joe: This is a pretty serious design flaw - the plant’s mass is going to 
change anyway as it grows, even if it doesn’t get watered that often. 

I wonder what we can do to fix it. 

Frank: So the problem is the mass, yeah?! 



Jim: Yeah - if the mass was constant, then the frequency would be 
constant (as long as the spring didn’t weaken or anything). 


Frank: So can we make the mass divide out somehow? We’ve 
worked with equations before where that happened. 

Joe: Ooh, I think I see what you mean. When we’ve done 
calculations involving gravity, like orbits and stuff, then the mass 
has sometimes divided out completely because it appeared on both 
sides of the equation. 

Jim: Maybe if we hang the spring vertically, it’ll be OK. Then 
gravity will be acting on the plant as well. 

Joe: If the mass did divide out, we wouldn’t need a different spring 
for each plant. Actually, this feels a bit wrong. Surely an elephant 
bouncing vertically on a spring would have a different frequency of 
oscillation from a mouse on the same spring? 

Frank: We might as well test it out with math before we try 
building it. That shouldn’t take too long ... 


Tkink al>out tke 
pkysics tekinct wliat’s 
going on - eitker 
ty ’being’ tlie tiling 
in tke protleiti, or 
ty seeing wkat its 
ecjuation would cto 
ii you ckanged tke 
values oi tke variables. 
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vertical springs 



Wi'tev ••… 5 a f 1 扣七 
m^v-cascs i*bs w^ss. 


The frequency of a horizontal 
spring depends on the mass 

The equation for the frequency of the plant attached 
to the horizontal spring ^ If you increase the 
mass of the plant, the frequency becomes smaller, as 
you are dividing by the m on the right hand side of the 
equatuon. So the plant takes longer to do one cycle. 

This is because F — ma. If the plant’s mass is larger it 
accelerates less when acted on by the same force of 
the stretched spring. Watering the plants increases the 
mass. Anne is adamant that the plant rocker should 
always have a frequency of 0.750 Hz. So this design 
with a horizontal spring won’t work, as the frequency 
changes when the mass changes. 


Will using a vertical spring make a difference? 


When gravity is the only force acting on an object, 
the object’s acceleration doesn’t depend on its mass. 


In chapter 18, you worked out that the frequency 
and period of a satellite’s orbit are completely 
independent of its mass. 





The guys have had the idea 
that perhaps by hanging 
the plant from a vertical 
spring, where gravity has 
an influence, the physics 
will work out differently 
from the horizontal spring. 

You need to work out 
whether they’re right! 



The ar\d a period 

a satellite ih o\rbi"t 
dcpChd oh its v^Bss. 


pev-^aps *tK*is is also tasc (oy 
a vcvti^al spv’nr^ … pcviiaps v>o 七 . 
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oscillations (part 2) 



rpen your pencil 



a. A spring hangs from the ceiling. When you attach 
a plant to it, it extends to an new equilibrium 
position where the plant is at rest. Draw a free 
body diagram showing all of the forces acting on 
the plant in this new equilibrium position. 


Hm 七 : Look 

ba^k at pay 

QOl -fov 
equation -fov 
•He (orCt 

a sp\r'm^. 


b. If the plant has a mass of 0.100 kg and the spring 
extends by 44.1 cm, what is the spring constant? 


c. You pull the plant down a further 4.00 cm and let go. Draw 
a free body diagram of the forces acting on the plant at the 
moment you let go, and calculate the net force on the plant. 


d. What would be the net force on a plant attached to e. Do you think that the spring being vertical 

a horizontal spring that was extended 4.00 cm from its will affect the frequency and period of 

equilibrium position at the moment it's released? the plant's oscillations compared with the 

horizontal spring? Why / why not? 
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springs stink 


(parpen your pencil 

Solution 



a. A spring hangs from the ceiling. When you attach 
a plant to it, it extends to an new equilibrium 
position where the plant is at rest. Draw a free 
body diagram showing all of the forces acting on 
the plant in this new equilibrium position. 


b. If the plant has a mass of 0.100 kg and the spring 
extends by 44.1 cm, what is the spring constant? 


>c =• O .午午 I m 


Fo\rdC -f' 


\rom 


s P' rm 3 


•k 乂 


Thc\rc ； s Y\0 Y\t{, 

-fo\rdc oy \ 



F — -kx. 


m 二 O.l 00 kj 

No 的 rt fordc, so' ma — k% — O 




Y 




k 乂 


你 3 
你 3 


A 


c. You pull the plant down a further 4.00 cm and let go. Draw a free body 
diagram of the forces acting on the plant at the moment you let go, and 
calculate the net force on the plant. 

TVis »s 竹 .Um 

— k>c \ 午 .00 匕州 . 


O.lOO x 
一卞二 O .午午 I 

k 二 Z.ZZ k 3 /s z (Z sd) 


Fo\rdc -fvom sp\r*mg — —k>c 


F ,- 



Thcv-c^s a y\c{, (ortt 

upwards. 


F ( - o.loo - o . 午 el 


he 七 


F 


hC 七 


-O.«70 N CZ sa) 


Y 


l/Vicijli-t — rwj 

d. What would be the net force on a plant attached to a horizontal spring that 
was extended 4.00 cm from its equilibrium position at the moment it's released? 


Looks like my spring idea 
doesn’t work out. What else can 
I use to rock my plants? Having to 
do it myself really stinks! 


O 


o 



F , - - k>c 


F 

I 

F 




七 


- XXL x O.O^OO 
- o . 腳 N G sd ) 七 


X 二 O.O^OO m 


TV small d\^(trtv\U 
bc*Uc ⑼ *Uo 
values is because <^f 

v-ou 灼 dm3. Tiicy v"c 

basically 七 same 

y\C*t -fov^c. 


e. Do you think that the spring being vertical will affect the frequency and period of 
the plant’s oscillations compared with the horizontal spring? Why / why not? 

W\\tY\ you pull plant same dlis-ta^de -f\rom its e^ulib\riunr \； (ortt OY\ i*t is 
sa^c- All ■bhaVs by i*t vertically is -the c^uilibv-ium position. 

I {\\\rk -fv-c^uc^dy v/ill be same as -fo\r hov-izo^-tal as 

\rcs-to\rmj -fo\rdc is 
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oscillations (part 2) 


So using a spring doesn’t work 
out - however you hang it! 


Jim: But at least the spring wasn’t our idea originally. It was Anne 
who suggested we use a spring right at the start! 

Joe: So we gotta think of something else that goes to and fro like 
clockwork, but that doesn’t depend on the mass of the plant. 


Frank: Like clockwork you say, hmmm. Springs get used to run 
some watches and clocks, don’t they? 

Jim: Yes, but in the clocks, the mass of the thing the spring’s 
attached to inside the clock doesn’t keep changing. Our problem is 
that the mass of the plant does change. 


Frank: But some clocks use pendulums instead of springs. I wonder 
if we can use a pendulum for the plant rocker. 


Joe: Yeah ... a pendulum goes to and fro regularly. That’s how a 
Grandfather clock works, isn’t it? And a pendulum must only have a 
gravitational force acting on it, so the mass might divide out! 


Jim: But the Grandfather clock pendulum goes to and fro with a 
period of 1 s (or 2 s if it’s one tick at each end of the swing - I’m 
not sure!). That’s too short! We need the plant rocker to have a 
frequency of 0.750 Hz, which we already said is a period of 1.33 s. 

Frank: Maybe giving a pendulum plant rocker a larger 
amplitude by pulling it back further at the start will change the 
period. The plant will have more distance to cover for each swing. 


Joe: And maybe we could change the length of the pendulum 
- the distance from the ceiling to the plant. That might affect the 
frequency and period too. 



A penctuluiti swings 
to and fro witk a 


regular frequency 
and perioct. 


Jim: And we’re still not sure if the frequency and period of the 
pendulum depend on the mass of the plant. Though gravity is the 
only force acting on the plant (apart from the tension in the string 
it’s attached to) so it could be more promising than the spring. 

Frank: Yeah ... I’m just trying to imagine whether an adult will 
swing slower or faster or just the same as a child if they’re sitting on 
a swing. I’m not sure. 


Joe: I guess we ought to do an experiment to work out whether 
the mass，length or amplitude affect the period of the 
pendulum - and if so, how they affect them. 
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experiment yourself 

「 Try it 1 - - 

Your job is to work out which variables (mass of 
pendulum bob, length of string, amplitude of swing) 
affect the frequency and period of a pendulum. This 
is a completely open-ended investigation - you can 
go about it however you like, designing and doing 
your own experiments, drawing your own graphs and 
writing up your conclusions. 

There’ll be a competition page on the Head First 
Physics website where you can submit your write-up, 
with prizes for the best entries. 


TKc 

碎七 on 
{\\t mass o+ 七 he 



OY\ 


lum 


0 


0 



828 Chapter 20 


















oscillations (part 2) 
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pendulums and shm 


3h^les less 
thah I0°.) 

A pendulum swings with 
simple harmonic motion 

A pendulum’s equilibrium position is when 
the bob is hanging straight down. When the 
bob hangs straight down, its weight (due to 
gravitational force) and the tension in the 
string are both vertical. As the bob doesn’t 
accelerate vertically, there must be no net 
force on the bob. 


-fovdes avc 灼 o loy^cv 

pavallcl ； so s a 
pcv-pc^d'idulav -fovdc- 



Tcir^sio^ 
parallel Tension 

domfo 灼 Crrt 3V-C 

e<\ual *m s\z£. 

Parallel 
component 






Weight = mg 


^^Perpendicular component 

Pcv-pc^ditula\r dompo 灼 cirrt p\rovidcs a 灼 c*t -Pov-dc 
that v-cs-fco\rcs -tov/avds e^uilibiriuim position. 


li 


丁 he bob ish't a^dev-atihg 
wtuially ih the e<\uilibHum 
P os ._ 七 ioh. So "tlicv"C mus 七 be 
ho (o\rU oh the bob. 


Tension = T 





'O- 


Ko v>c*t -fovdc \y\ 
C^uilibvium position ； so 
T 一 m 3 二 O 


Weight = mg 




t 


If the bob is pulled back a short displacement, through 
the angle 6, the bob’s weight vector is no longer 
parallel to the tension in the string. A component 
of the bob’s weight is perpendicular to the string, 
and provides a net force that causes the bob to 
accelerate towards the equilibrium position. As the 
bob nears equilibirum, the angle becomes smaller and 
the net force also becomes smaller. 

Through the equilibrium position, the net force is zero, 
so the bob continues with a constant velocity. And as 
the bob swings the other way, the net force becomes 
larger again, slowing the bob down until it reaches the 
top of its swing on the other side. 


Just like the mass on the spring, the net force 
is proportional to the displacement 

of the mass from the equilibrium position 
(as long as the angle it’s moved through 
is less than around 10°). This satisfies the 
requirement for simple harmonic motion, 
The equation for the displacement of a 
pendulum is given to the right. 

You tav\ domfav-C -tK'is c<\uatior\ 
W\{\\ 1 s*ta^dav-d , SttM 

C^uatior^ *to v/ovk ou*t 
you y/av>*t b> ky\o>w. 



k 卿 _ 

E^vatiPH 


3 is i\\t atdclcvatior^ 
due *to yav’rty. 



% is -tKc maximum value 
%, a 灼 d *tKcvc-fovc *tKc 

a—’rtude J 眯 otio 灼 • 


I (the Icitcir T, r>ot the 

K>unr»bcV" T) is -the 
o( -the fe^dulum 
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oscillations (part 2) 


What does the frequency of a pendulum depend ow? 


The equation for the displacement of a simple pendulum (a pendulum 

that moves with SHM) that starts at a maximum is ^ = ^ Q cos t、. Like the 
equation for the period of the mass on a spring, this equation is derived using 
calculus, but is provided here as a ready-bake equation. 

Your experiment and the ready bake equation both tell you the same thing: 
the period of the pendulum depends on the length of the string that 
attaches the bob to the celing, but not on the mass or the amplitude. 

As well as this, the equation says that the period of the pendulum depends 
on the acceleration due to gravity. Practically speaking, this isn’t something 
you have to worry about with the plant rocker, but it does mean that your 
favorite Grandfather clock won’t keep time on the moon! 


Tke frequency 
amt period ol a 
penctulum ctepenct 
on its lengftli, tut 
not on its mass. 



『pen your pencil 


It's time to work out the length of the pendulum you'll need for the plant rocker. 


ttiht ： Use the C<\ua-tiohS 
° h pos-fc-i-ts oh paae 

eoi. 3 


a. Use the ready-bake equation for the plant’s 


displacement, x 


x Q cos 




to get an equation 


b. Calculate the length of pendulum you require for 
the plant rocker to have a frequency of 0.750 Hz. 


for the frequency of the plant rocker. 

ttm 七 : Comfa^rc 
i\\t equation 

w s*tar\da\rd w 

C<\ua*tio\r\ 

-fov SttM. 


c. Use the equation you worked out in part a. to 
explain what will happen to the period of the plant 
rocker if you double the length of the pendulum. 


d. If you took the pendulum to the moon, where 
acceleration due to gravity is a sixth of its value on 
earth, what effect would this have on the period 
of the pendulum? 
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solutions 




It's time to work out the length of the pendulum you'll need for the plant rocker. 


a. Use the ready-bake equation for the plant’s 




to get an equation 


displacement, x = x Q cos 
for the frequency of the plant rocker. 

i S*ta^da\rdl , c«\ua*tio ^： — A^osfcoV 


b. Calculate the length of pendulum you require for 
the plant rocker to have a frequency of 0.750 Hz. 




Simple pendulum ： 





产 ㈣ 




午 JT Z 




JT ^ = JT 








一午 JT Z 炉一午 JT Z OH^O 1 
— O . 午午 2> m G sd) 


c. Use the equation you worked out in part a. to 
explain what will happen to the period of the plant 
rocker if you double the length of the pendulum. 


T 




2 ^ It 


d. If you took the pendulum to the moon, where 
acceleration due to gravity is a sixth of its value on 
earth, what effect would this have on the period 
of the pendulum? 


ITT 






J? 


l-f you double pendulum, -the pa\rt 

u^dev- s^uav-c voot becomes as lav-jc as i*t was 
bc-fo\rc-, so T becomes yfZ la\rjc\r i*t wds bc-fo\rc- 


l-f you make ^ a si>c*tli its value； -the pav-*t 
u^dev- square \roo 七 becomes si>c "times la\r(jc\r 
(srndc g is oy\ bo*btow\). So T becomes ^ 
la\rjc\r ii was bc-fo\rc. 


It’s really important to 
te al>le to move between 

f, T and cjuickly 

amt comiortatly - so 
practise ctoing tkat! 


ahd ahjubr speea 

-fvc«\ucr>dy ar>d syced 

bolh have -the same siz^c bo-th 
have Uhiis of \radiar>s ycr sedohd. 
They’ve exadily -the same 仏， 

V^>U tar\ -fvom -the ^c^uc^dy, -f, 
■to "the ar> 3 ulav *(Ve<\uer>dy, oo , wiih 
七 he C^u3"tioh- 


fVc'uCht'/ 如 d ^cv"*od 

Fvc«\uc^Y ， -f, tydlcs ? cv sedo^a. 
Pcviod, T, is scdor>ds ^cv tytlc. 

Because i\\qrt vcla-bcd like ^' s： 




J 





< 乂二 


/p\ 


/Wpli*tude \ 


Period, I s 



% 



二 AcosCcoV 


A»^pli*tudc 


leviod, 


4 
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oscillations (part 2) 


The pendulum design works! 

You use your answers to make a pendulum plant 
rocker for Anne - and it works perfectly. 

Even better, the frequency doesn’t depend on 
the mass of the plant, so you can use the same 
design for all three of Anne’s favorites! 


—0 







pendulum is O . 午午 Z m 





BULLET POINTS 


■ 


■ 


■ If the restoring force 
is proportional to the 
displacement, you have 
simple harmonic motion 
(abbreviated to SHM) 

■ SHM looks like circular 
motion from side on, and 
the equations for the 
displacement, velocity 
and acceleration are all 
sinusoidal (shaped like a 
sine or cosine graph). 

■ For aspring, the period 
depends on the mass and 
the spring constant, but not 
the amplitude. 


>u use *tV>is *to solve 

^voblems pc 灼 dulur^s 

as y/ell as wi-tK spvmy- 


■ 











o) (o) 



For a pendulum with small 
amplitudes, the period 
depends on the length 
and the gravitational field 
strength, but not on the 
mass. 

It’s fine to use forces to 
analyse SHM - but you 
reach a point where you 
require calculus. So use 
energy to solve SHM 
problems where you can. 

The kinetic energy in the 
equilibrium position (where 
the force and displacement 
are zero) is equal to the 
potential energy at an 
extreme. 
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circular motion applied 



O 


I was just wondering... if SHM is like side-on 
circular motion, can we use something like 
v = ruu to work out the maximum speed instead 
of using energy conservation? 


Yes, you can apply your circular 
motion equations here too! 

Simple harmonic motion looks like side-on 
circular motion. This means that if you 
have SHM and circular motion that both 
have the same amplitude and frequency, the 
maximum speed of the SHM will be the 
same as the speed of the circular motion. 


maximum 
velocity parallel 
"to ampli-tudc- 


Tlie MAXIMUM 

speed is tke same 
ior circular motion 

and SHM il tliey 

totk kave tke 
same amplitude 
and frec|uency. 



Circular motion 
equation: 

v = rco 


Same dnr\p|*rtudc- 


SHM equation: 


^max = X 0 w 


Thuis means that you can adapt the 
equation v — rO) to give you the maximum 
speed of the SHM. 

The equation would become ^ max = 


TKis Kas ar\^ulav 

\y\ i*t - jus 七 use 
CO 二 Zjt( b> daltulatc it 


V^arwpli 


depends oy\ 七 he 
I'iudc a^d 七 he 
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Question Cliwic: The "Vertical spring" Question 



o 


The vertical spring question is a common way of testing 
your understanding of simple harmonic motion. First of all, something is 
hung from the spring to stretch it to a new equilibrium position. Then the 
spring is stretched or compressed further and released. The question asks you 
to work out the frequency or period of the oscillations 


This y/ovdm^ mdidatcs 七 七 
spv’m^ is vcv-tidal> so you 

r r L SCC 3 S ^^ ( thi r k ,eed ^ take objedVs 
SI 叶 k r,oi ， or>. ^ ^ ⑽⑽七 


|-f sp\rmg cx>*tc^ds, 
i*t must be a 

(ortt as F — 一 kx. 


a. 


This 'mditates 
that the f la 灼七 
is m C^uilib\rium, 
y/i*th y\o 
attmg i*t- 


The (ortes should 
add *to zjcv-o. 



™ spring hangs 

^hen you attach a plant to the spring, it e 2^ unt 丨 

pl，nJ at rest. Dra^_od Y JM^ sh _ g 
P at this point. 

has^ass of 0.100 kg and the spring extends by 
44.1 cm, whatjHl^i 


spring constant, k? 

— a^Li^^ and let g0 _ 

Calculate the the _t，s 咖_狐 

What distance does the plant cover 


So *thc (ortt 
•fv-om *thc spv-mj 
should be 

(vtt body 
lyam. 


b_ 


rc| 

If the plant 



c_ 


d_ 


Use 七 he dia^a 
dv-cw \y\ pa\rt a- 
"these values. 


rw you 
v/i 七 h 


Ko*bc *thc v/ov-d dis-ta^c ； the 
Complete cyt\t- I*t1l iv-avcl 午 .00 dm 
*to *bhc 匕 a^o*thcv 午 .00 6m *to 
the -fav side ； *thc same aym: a 

■to^l o( 1^-00 dm. 


tV^C KElA/ C<\u*»l»b\r*ium fos»t»OL 

>n\)cy\ you do *bV^c SttM taWa 七 icm. 


The key thing in this question is defining the 
displacement correctly. The initial displacement creates a new 
equlibrium position, and also allows you to calculate the spring constant. 
When you do the SHM calculation, you should redefine the new equilibrium 
position as x = 0 and use the value for the spring constant that you 
calculated earl tier to work out the frequency or period. 





































Question Clinic: The "How does this depend oh that" Question 




questions have no numbers in them at all, and are 
designed to test how well you understand the physics, and the language 
of equations that can be used to describe it. You re told what the original 
situation is, then asked what would happen if a variable became larger or 
smaller, for example by doubling or halving. 


TVis 

numbers, or^ly letters -to 代产仪 rrb 




a. You cav\ do *tWis pav-b 
y/i*bV)oiA*b an equation 
一七 lie feviod SttM 

docs^t defend oy\ i*U 


55. A mass,., on a spring oscillates with amplitudeA and period 

.Starting from this set-up each time. 

a wh at happens to the period if you double the amplitude to ^ 

b . what happens to the total energy of the oscillator if you double 
the amplitude to 2A? 

c . what happens to the maximum speed of the mass i y 
F) double the amplitude to 2A? 

d . what _e_ the pe_ _ _ble _脱 _ ■ 


b. Y^u v\tcd the c<\uatior> -Pov- ihc 
■toial E - VzVh 1 h the 
is scared, i-f you double K E 
becomes -fouir tiroes as Idv^e. 


d. You r\ttA C<\ua*tio^ 

Vkmv z =■ VzV{\ % *to set *tha*t i-P you 
double *tKch v will also double. 


d- you r\ttA "the c^uatio^ 

T 二 "to see -that 
七 he pc\riod bcdor^cs ViT. 


Write down 
the relevant 
equation 



o 


0 


Make sure you write down the relevant equation so you can 
see how changing one variable will affect the other variables. Then 
'insert* the factor the variable has changed by next to it (for example, m 
might become 2m) and look to see how this affects the size of the other 
variable you re asked about. If your equation has m 2 in it, then inserting 
'2m' instead of'm* gives you (2m) 2 , or 4m 2 , so the answer will be four 
times larger than it was before. Try it with the question above! 




























Falling 


Energy Conservation 


Scalar ■ Inelastic collision 


Special points ^|Frequency 



m 


oscillations (part 2) 


Circumference 


Inverse square law 



Graph 


Experimc 



D 



Force 



Centripetal force 

1 Weight] 

^Everything just Elastic collision ■ Pendulum 

r 

/ 

-^==C 


| Angular frequency ■ 

Spring ^ 

^ it makes sense! ^^/simple Harmonic Motion 


Component 


iravitational field 


Momentum conservation H Torque 


Impulse 
Equation 


Elastic potential energy 


Constant acceleration 


Scientific notation 


Distance 



Pythagoi^^^^^fc ner gy ^ Tension 
J Substilnlimi of motion 

lans Be part of 






I 


Vector ■ Speed 
Gravitational potential energy 


Symmetry ■ Slope 


Work 


Newton’s Laws 



Simple harmonic Motion where a restoring force to an equilibrium 
motion position is directly proportional to the displacement 

from the equilibrium position. 



Spring 


A spring exerts a restoring force proportional to 
the displacement from its equilibrium position. 



Pendulum 


For small angles，something swinging undergoes 
a restoring force proportional to the displacement 
from its equilibrium position. 
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physics toolbox 



Your Physics Toolbox 


You’ve got Chapter 20 under your belt 
and you’ve added some problem-solving 
concepts to your toolbox. 


Hookes Lav/ 

rtookc s La>w says 从 at a 

ocev-ts IS ^vo^ovtio^al *to *rU 

di*is^la6cmcy>-b -fv-om c—libmm, and 
•m Uc o^os\ic dive 吐 uw *to Ac 
displatcm 伙七 . 

p 二 -k% 


^ ,rh pl c Ka^rrhOhi^ moiioh 

^illatio, you 5 ci whch the 吧 W 

; s d] ^y ⑽ 1 忪 d, ? u^i 

the C^uilibHum positioh. 


s_. 


Mass or. a 

5::二 


Cow?av— c^uatio^s 

V o^ c<\uatioy> v^as -t^c same as 

a 'sla^dav-d' e'uaW, Y 0 “ av> … 七 c 
tv>cm O^c above cad^ oi^tr a^d say 
从 at tcvms av-c c<\uWalcr>t 

TWis is 一 ’“a”et 如 ，aW 
-fov \}\t olr ay\ os6illa*b>v* 

-bv 6omParm5 *»*b elation v/rt^ 
l staUavd , AuaW 祕 des^bes SrtM j 


£ttM ya— 

PisplademC 此 vclodrty 3r\d addclcv-a*tioir>- 
•time arc all smusoidal- 

S*tav*t by dv-a>wm3 *tV>c disflad.c^cv>*t- 
tirnc yafh sta\rt*m3 a*t % 0 - 

^ddcIcv-atio^-tiw'C c%a6*tly 
m ivro\rs disfladcmc^-t-timc yra^W 

vclodi-ty - time ya 忭 ^om slope 

广 i, I I L* ^ At ▲气 


Simple pChdulum 

Moves With SttM 4 r sr^all angles ohly ^ |«s 
arouhd 10°). 

Frcc\uchdy ahd period dcpchd oh the length of 七 he 
pchdul_ ahd the gravi-tatiohal -field strchgth. 

Frc^uchdy ahd period arc ihdcpchdcht of nr\dss. 

Fvc«\uchdy ahd period arc ihdc^hdcht ■ 

ar^pli-tudc -for sr^al! dholes. ^ FRItKP! 

. j: ^ m 


■ Kavmov\*i6 ^ 

CiMul 舲 motioh 3hd £H/I^ 

^7 ^ SH/W i, + . 


The most simple ^orm of 
C^ud^o^ uses CO- 

(0 \S i\\t beW ⑼ s’—g 

a.d 6,6ular -otic. 




























































It’S time to hit the ground running. Throughout this book, you ve been 
learning to relate physics to everyday life and have absorbed problem solving skills 
along the way. In this final chapter, you’ll use your new set of physics tools to dig into the 
problem we started off with - the bottomless pit through the center of the Earth. The key is 
the question: “How can I use what I know to work out what I don’t know (yet)?” 


this is a new chapter 







a wonderful physics world 


You've cornea long way! 


Back in chapter 1, the words on the globe 
looked like random jargon that didn’t make 
sense. But as you’ve gone through the book 
learning to relate physics to everyday life, 
your confidence has grown and the words 
have become less like an alien language. 



” How can I use 
wkat I know 
to work out 
wkat I cton’t 

know (yet)?” 


Circumference 



Now you’re in chapter 21 - and you’re able to use these same words to 
help you think through and solve problems. You’ve learned to ask 
How can I use what I know to work out what I don’t know (yet)?” 
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think like a physicist 


Now you caw finish off the globe 

What better way to use your physics superpowers than to 
revisit the tunnel through the center of the Earth and really 
get to grips with what happens there. 

Back in chapter 1, you learned to be part of it by putting 
yourself at the heart of the problem and asking “What 
happens next?” and “What’s it like?” Now you can also 
describe what happens using physics terms and concepts. 


You spotted that there’s a special point in 
the center where there’s no net force on you 
because everything is symmetrical - you’re 
equally attracted in all directions, and as 
gravity is a non-contact force, you don’t feel 
crushed. You also realized that you’re always 
attracted towards the center unless you’re 
already in the center. 


You can use pkysics 
terms and concepts 
to describe wkat 


Be partofitH 


k 


^Acceleration 



^nsmean^Ta^ou initially accelerate as 
you fall due to the net^firce on you at the top 


con^t ： 

decele 


tant 


of the tunnel, briefly move with a 
velocity through the center, then decelerate as— 
the gravitational force continues to attract you 
towards the center. After briefly emerging at the 
other end, you do the same thing again in reverse. 


NcvJwTs 
Zr\d La>w 

I si Law 



r %|hdrpen your pe 


appens 

ncil 一 


next. 


a. Use your increased physics knowledge to revisit 
the question "What's it like?〃What does the trip 
through the Earth now remind you of? Be sure to 
mention all the parallels you can see. 


b. Are there any requirements that need to be met 
in order for your answer to part a to make sense? 


♦ 
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shm revisited 


(^Jterpen your pencil 

Solution 


a. Use your increased physics knowledge to revisit 
the question "What's it like?" What does the trip 
through the Earth now remind you of? Be sure to 
mention all the parallels you can see. 

H looks like simple ha\rmoir\id motion- 

Thc\rc ； s c^uilibv-ium po*m*t m 七 he v/hcv-c 

■thev-c^s y\o 灼 c*t -fo\rdc oy\ you. 

The -fo\rdc oy\ you alv/dys ad*ts *tov/a\rds -the 
C^uilibv-ium position m the so is *m -the 

opposite di\re 匕 *ticm -f\rom displacement 

V^>u move slov/ly a*t cdjcs «^uidkly 
■thv-oujh *thc dci^*tc\r. 



b. Are there any requirements that need to be met 
in order for your answer to part a to make sense? 


The \rcs*to\r*mg -fo\rdc would have *to be 
pvopovtio^al *to you\r displacement -f\rom 
•the equilibrium posi*tio^, m -the opposi-b< 
di\rcd*tio^ -fvom displacement 


ThaVs v-c^uiv-cmc^ -fo\r simple ha\rmoir\i£. 
motion. 



The round - trip looks like simple harmonic motion 


Way back in chapter 1, you figured out that 
you’d fall into the tunnel, travel through the 
Earth, and appear at the other end of the 
tunnel. Then you’d fall back in again, go 
through the tunnel in the opposite direction, 
and end up where you started... and so on. 


\i O^ 7 ' 

t 二 


x 


•^uilib\riui 


That sounds a lot like simple harmonic motion, 

something you learned about in chapter 20. Now 
that you know how to tackle simple harmonic motion 
problems, we can add a lot of detail to what we 
figured out before. 


[S 

、 Tu^d c^"t\ra^£，c 
^Ccr\ier of Eav-tlv^ 






Oihcr side 

’of Eav-th 
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think like a physicist 


Put what time does the roimd - trip take? 


A trip through the center of the Earth 
can be pretty tiring. Suppose you want to 
place a pizza order so that once you’ve 
gone through the Earth and come back 
again, you can have a nice snack. 


Break Neck Pizza promises delivery in 
45 minutes... but will you be able to get 
through the Earth and then back again 
in time to meet Alex the delivery guy? 

What time does your journey through 
the Earth take? 




First of all, you’ll have to work out if your journey through the 
Earth IS simple harmonic motion. The journey might only look 
like simple harmonic motion without actually being simple 
harmonic motion. 

Then, if your journey is simple harmonic motion, you can use the 
equations you worked out in chapter 20 to calculate the time that 
the round-trip takes - and whether you’ll be back in time for pizza. 


Batk •m time Soy piz-ra? 

• T\rip -thvoujh Ea\rth looks like SttM* 

♦ |s SttM? |s -the \rcs*to\r*mj -fo\r^c 
p\ropo\rtioi^al *to 七 he displadcmci^*t? 


參 iVs SttAI, use SttM 

*to 匕 al 匕 ula*tc *brip takes. 
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context matters 


So thafs that! Going through 
the Earth and back again is 
simple harmonic motion. 



Anytime you want 
to use an equation, 
tkink about tke 

CONTEXT. Is 

it OK to use tke 

equation kere? 


You c^y\ only 
use youv simple 
motion 

C^uatior\s -fvom 
tiiaftcv- 2.0 i-f 
vcs*tov-m^ (oyCt is 
pyopov'tiondl *to 
-tlic displacement 


Tiic r\C*t -fovtc oy \ 

object always po'mts 

simple ha\rrwohid motioh ^ \v\ *tiiC div-Ct*tion o-f i\\t 

I c^uilibviurw position. 




Joe: Hang on. It’s only SHM if the restoring force is directly 
proportional to the displacement from the equilibrium position 
of the object that’s moving to and fro. We don’t know whether the 
restoring force follows that pattern or not yet. 

Frank: Yeah, if the trip through the Earth isn’t SHM, we can’t use our 
SHM equations to calculate the time it takes. 

Joe: The gravitational force is an inverse square law, isn’t it? 

(jrjfl YYl 

F。= - . So if you double the displacement, the force is only a 


G 


r" 


quarter of what it was before. The force isn’t directly proportional to the 
displacement. The force gets smaller as the displacement gets larger! 

Frank: Oh yeah. For SHM, the restoring force needs to get larger as 
the displacement gets larger. 

Jim: Hey - didn’t we say before that the force is zero in the center of 

Gm'm r 


the Earth?! If the equation F 


G 


works at the center of the 


r 


Earth (where r = 0), you’re dividing by zero. If you divide by a very 
small number, you get a very large answer. And if you divide by zero, 
you get an answer of infinity! Computer says no! 

Gm'm r 


Joe: Yes … maybe F 丨 


G 


r 


only works when you’re outside the 


Earth. When you’re outside, all of the Earth is below you. 

Frank: But when you’re inside the tunnel, some of the Earth is below 
you and attracts you downwards. The rest of the Earth is above you 
and attracts you upwards. 

Jim: So the net force on you in the center is zero, as there are equal 
masses of Earth above and below you. And the net force on you 
somewhere else in the tunnel depends on how much Earth is above you 
and how much Earth is below you. 

Joe: Looks like we need to work out a different equation for when 
you’re inside the Earth then, if F c = - l -^- isn’t going to work. 


r 





Calculating the net force on you when you’re inside the Earth is a complicated 
problem. How might you break the problem down into smaller parts? 
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think like a physicist 


You caw treat the Earth like a sphere awd a shell 


Gm 、 m r 


G 


.You 


r" 


The gravitational force between two spheres is 

can treat each sphere as if its entire mass was concentrated at a single 
point in the center of the sphere. 

If you treat the human body like a very small sphere, you can use this 
equation to calculate the gravitational force that the Earth exerts 
on you - as long as you’re outside the Earth. 

But when you’re inside the tunnel, there’s Earth above you and 
below you. Calculating the gravitational force that the Earth exerts on 
you when you’re inside it is a complicated problem! 


Try to Weak 
ctown complicated 
problems into 
smaller parts* 



But you can break down this problem into two parts by 
thinking of the Earth in two parts. Anytime you’re inside the 
Earth, you’re a certain distance (let’s call this distance r) from 
the equilibrium position in the center of the Earth. 


So beneath you, there’s a sphere with radius r. You already 
know how to calculate the gravitational force exerted on you 

by a sphere if you know its radius and mass: F ( ,= 


Gm 、 m r 


r 




Bafck m 七 ime for 

摩 TVi\> -tKrou^ looks like 

^ \s \i S_? Is 如 

pv-o\>o\rt'ior\al *to i\\t displacement. 

^ shell? 


-3 pov-tc -fv-om spV^cv-c? 

■# 參 Hts Srt/Vl, use 

•to ^al^ulatc br\Y 


IA/cVc dc-fmrnj radius as ihc disfU 加伙七 a>way 
•tKc Ursitr o\ T\\c (ortt acb *tov/a\rds *tKc 

o-f i\\t - \\tUt i\\t mmus s*i^. 

You avc \\trt- 

The rest of the Earth forms ' 

a ‘shell.’ Some of the shell Shell’ A 

is below you and some of the 
shell is above you. 

If you can work out an 
equation for the force exerted 
on you by the shell, you can 
add it to the force exerted 
on you by the sphere. This 
gives you the net force that 
the Earth exerts on you while 
you’re inside the tunnel. 



Radius o( -the 


Ea\rth is R. 

B 
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what about the shell? 



You can deal witk tke spkere - tut wkat aliout tke skell? 

Use the magnets to work out the force from the shell. Annotate the diagrams as you go. 



The shell above you is totally 
to the 
The 

of Earth are equal but in 
The 

the shell above you is 
shell below you, which exerts a net 


.So for every small piece of Earth 
of you there ' s an equivalent piece to the 
components of the gravitational force from these two pieces 

directions, so they 

components add together, so the net force on you from 

.The same argument applies to the 

force on you once the 


components 
you 


.So the part of the shell 


you attracts 



and the part 


you attracts you 





If you 

take a piece of very thin shell, its : 

: will be 

its j 

jmultiplied by its : 

.So the 


of the very thin shell will depend on its surface area. 
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If you take a small slice of thin shell from 


and the equivalent from 


you can 


think like a physicist 

This ih'm shell is like a tmy laye'cm 七 he outside. 

d is -this! 

■shoirt 

dis-ta^dc 


'a 




think of them as being tiny slices from spheres with 


and 


with surface 


radius 
areas 
And a: 

surface area, the masses of the slices are proportional 



and 


respectively. 1 / W 

the 


of a thin shell 

depends on its \\ / \ \ 



to 


and 



Gravitation is an 
above you is distance 
1 kg of it is proportional to 
Earth below you is distance 



law. The slice of Eartl 

away, so the force from 
The slice of 
away, so the force 
Therefore, 


b is "this 、 
— 

dista^c 


lYouVc 

你 appi, 

cvciry 
poiivt 
the -fcop -to 
cvevy poiht 
oy \ -theI 
botfeonl. 


orr 



from 1 kg of it is proportional to 
the force from the slice at distance 'a r is proportional to 

and the force from the slice 

at distance 'b r is proportional to 


x 


x 




So the force from the slice above you is 


to 


the force from the slice below you. And the net force from 


the whole thin shell is 


If you're further 


Now v/e’ve -filled 
\y\ -the shell v/iih 

shells like the emc 
m -the bo 乂 above- 


inside the Earth, you can think of the thick shell being 
made up of many many thin shells. So the net force from the 
thick shell is also 



Use this space to sum up 
what you’ve discovered: 
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pay attention to symmetry 


There’s more shell below you than 
there is above you, so there’s more 
mass below you than there is above 
you. But the shell below you is (on 
average) a much larger distance away 
from you than the shell above you. 


Magnets Soluifion 



In protlems 
tkat involve 

SYMMETRY ， 

tkere are often 
force components 
tkat add to zero. 


The shell above you is totally symmetrical. So for every small piece of 
Earth to the left of you, there’s an equivalent piece to the right. The 
horizontal components of the gravitational force from these two pieces 
of Earth are equal but in opposite directions, so they add to zero. 


Hoiriiojvtal add bo iCV-o. 




The vertical components add together, so the net force on you from the 
shell above you is upwards. The same argument applies to the shell below 
you, which exerts a net downwards force on you once the horizontal 
components add to zero. So the part of the shell above you attracts you 
upwards, and the part below you attracts you downwards. 


\/cv**tidal ddd 

b> fv-odudc a -fov-dc. 



If you take a piece of very thin shell, 

its volume will be its surface area 

multiplied by its thickness. So the 
mass of the very thin shell will 
depend on its surface area. 


Suv-Padc 



av-ca 


Thidkhcss 
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think like a physicist 


H'CV'C ； v/c v~c usmj bold "to show you y/hcv~c the nr»3j^cts 
we»vt. The dis-ta^dcs a and b av-c boih stalav-s. 


If you take a small slice of thin shell from above and the 
equivalent from below, you can think of them as being tiny slices 
from spheres with radius a and b with surface areas a 2 and b 2 
respectively. And as the mass of a thin shell depends on its surface 
area, the masses of the slices are proportional to a 2 and b 2 . 

Gravitation is an inverse square law. The slice of Earth above you 
is distance a away, so the force from 1 kg of it is proportional to 

\ . The slice of Earth below you is distance b away, so the force 

a 1 

from 1 kg of it is proportional to ~gi .Therefore, the force from the 

slice at distance 'a' is proportional to a 2 x and the force from 

a \ 

the slice at distance 'b' is proportional to b 2 x . 




Small nr\dss ; 
vcv-y dose 
to you. 


Fov-dc -Pvom 
slide above you. 


Lav-jcir mass - but 
also la\rjcv- dis-tdirtde- 



So the force from the slice above you is equal to 
the force from the slice below you. And the net force 
from the whole thin shell is zero. If you’re further 
inside the Earth, you can think of the thick shell 
being made up of many many thin shells. So the net 
force from the thick shell is also zero. 


Fov-dcs av-c c<\ual a^d 
offosi*tc, so -Po\rdc 
-p\rom shell is 2 jCV-o. 


Use this space to sum up The. -fo\r^c the shclj. )s 2 lc\to ; This is because. the -forces -from -the smalj,. ^losc mass 
what you’ve discovered: above. .yPM. • 七 he.Ulr.JA. Av. mass b^lpw .you si.^. bui.m.opppsi.i^ 


Tke net force irom tke skell is zero! 
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zero net force 


The wet force from the shell is zero 


This means that the net force that the shell exerts on you is 
zero. So the net force exerted on you when you’re inside the 
tunnel must come entirely from the sphere, radius r. 


If that force is proportional to r, then you’ll move through 
the Earth with simple harmonic motion and can use the 
equations you already know to calculate the time you take to 




thereiare no o 

Dumb Questi9ns 


Do I need to understand and 
reproduce all of that?! 

Don’t worry - you won’t be asked to 
do something that difficult in an exam. The 
big take-away is that the net force from the 
shell is zero because the forces from a small 
mass close by and a large mass far away 
added to zero. If you got that, you’re great! 

But the Earth isn’t a sphere and a 
shell... is it?! 

Treating the Earth like a sphere and a 
shell is a mathematical tool. In the same 
way, moving objects don’t have velocity 
vector arrows and components drawn on 
them in real life, but vector arrows are very 
useful tools in physics. 


What’s so special about a shell? 

You’ve worked out that the force the 
shell exerts on you is zero. So the net force 
on you must come entirely from the sphere. 

What’s so special about a sphere? 

You already know how to calculate the 
gravitational force an object experiences as 
a result of being outside a sphere. 

Doesn’t the equation for the 
gravitational force exerted by a sphere 
only work if I’m outside the sphere? 

When your displacement is r from the 
center of the Earth, then you’re outside the 
sphere with radius r. 


Bafck \v\ piz-^a? 

• T\rip ■thv'oujh Ea\rtii looks like SliM* 

♦ |s i 七 SttM? |s -the \rcs*to\r*mj -fo\r^c 
p\ropo\rtioi^al *to displadcmc^t? 

Fordc -fv-om shell? 

This is zjC^oII 

^ Fo\rdC -fvom sphcv-c? 


參 |*f it’s SttM, use SttM c^ua*tioir\s 
*to 匕 aldulatc tiw'C 七 *tvip 七 3kes. 


Why choose that particular radius, 
r, as the place to draw the boundary 
between the sphere and shell? 

ris your displacement from the 
equilibrium position in the center of the Earth. 
When we did SHM in chapter 18, we called 
this displacement x. Here it's better to use r 
so that you remember that the displacement 
from the equilibrium position is also a radius. 

If, when your displacement is r, the force 
exerted on you by the Earth is proportional 
to r, then your trip through the Earth is SHM. 
The period of the SHM is the same as the 
time it takes you to get back to where you 
started - the time you want to calculate! 
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think like a physicist 


r^U^rpen your pencil 


Your job is to work out whether you move through the Earth with simple harmonic motion. For it to 
be simple harmonic motion, the force on you must be proportional to your displacement from the 
equilibrium position in the center of the Earth. 


So is the net force on you proportional to r or not? 

a. Use the ready bake equation for the volume of a sphere to 
write down equations for 1/ E , the volume of the Earth, and V s , the 
volume of the sphere inside the Earth, radius r. (Use the symbol R E 
for the radius of the Earth.) 



Reaps BaKe 

T 

E^uatipH 



b. Use the fact that the small sphere, radius r, is part of the 
Earth to work out an equation for the mass of the sphere. (Use 
the symbols M E and m s for the mass of the Earth and sphere, 
respectively.) 


Hm 七 : Tiic mass 

o( eddii splicvc 
is pvofov 七 ior\al 
■to i*U volume- 



c. Use the mass of the small sphere from part b to work out an equation for the gravitational force, F G , 
that the small sphere of radius r exerts on you (your mass is m). Is F G proportional to r? 

ttmt TlVmk about v/hidh 

^u3h*titics ih you\r avc 

vaviablcs y/hidh avc 
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solutions 


r^ji^rpen your pencil 

Solution 


Your job is to work out whether you move through the Earth with simple harmonic motion. For it to 
be simple harmonic motion, the force on you must be proportional to your displacement from the 
equilibrium position in the center of the Earth. 


So is the net force on you proportional to r or not? 

a. Use the ready bake equation for the volume of a sphere to 
write down equations for 1/ E , the volume of the Earth, and l/ s , the 
volume of the sphere inside the Earth, radius r. (Use the symbol R 
for the radius of the Earth.) 


a 


汉鄉 y BaKe 
E^uatipH 


Volume o( Ea\rth ： 
Volume o( sphc\rc : 



b. Use the fact that the small sphere, radius r, is part of the 
Earth to work out an equation for the mass of the sphere. (Use 
the symbols M E and m s for the mass of the Earth and sphere 
respectively.) 


Hm 七 : T\\t mass 

o-f ea 匕 spiicvc 
is pv-opovtior>al 
*to i*ts volume- 


Mass is p\ropo\rticmal *to volume- 











E 


E 



c. Use the mass of the small sphere from part b to work out an equation for the gravitational force, F G , 
that the small sphere of radius r exerts on you (you have mass m). Is F G proportional to r? 




6\n\ 






z 


R P V 

& 


、E 



or 


Bu*t 6{) Bv\d rn d\re dll so — 一 do 竹 S*tairrt x 


F is di\rcd*tly p\ropo\rtioir\al *to \r 'm opposi*tc di\rcd*tioir\. 
So its simple motion. 


Tiicv-c ave a lo 七 o*f 
letters multiply” 

divid'm^ V， but 
■t^cyVc all 6ov\s*tar\*b 
So *bKc ch-biv-c divdc 
七 is a 
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think like a physicist 


The force is proportional to the 
displacement so your trip is SHM 

You just worked out that F G , the force from the sphere, is 
proportional to r, your displacement from the center of the 
Earth. As F 〔； always points towards the equilibrium position 
in the center, your trip through the Earth is definitely 

simple harmonic motion! 



Yeah, but are you gonna 
arrive before I do? And are 
you faster than I am? 




Speed dydmg 

Ak 乂 ， -to know 

how -Pas-t you a\re as well 
as -the tirwc you take. 
Lc*t ； s ir^pircss him... 




Now you can use what you already know 
about simple harmonic motion to fill in some 
of the details. The period of the SHM is 
the time it takes you to go through the Earth 
and back again. 


Alex also wants to know your average speed 
- which you can calculate as well... 



Batk •m ^o\r piz^a? 

,TVip -thv-oujii Ea\rtli looks like SliM- 

♦ |s rt SttAI? |s -the \rcs*fco\r*mj (ortc 
p\ropo\rtioi^al *bo displadcmc^*t? 

foYtt -fvom shell? 

This is Zj^to!! 

^ Fov-dc -from sphc\rc? 

P\ropo\rtio^al *fco v- — its SttM| 

參 iVs SttM, use SttM c^uatio^s 
*to dakula^be 七 ime *brip *takcs 

一 sr\d avcv-ajc speed Oo impress Alc^)- 




Voull do this 
oy\ the 灼以七 
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rearrange the equation 



/ ^ ttnrrt : Use "the ^udicm c[\y\\C {o 
kY> help you a^sy/cv- -this ^ucs-tio^/ 


Simple harmonic motion can be described using the equation a = -u 2 x r where the symbols have their 
usual meanings. 


a. Use Newton’s 2nd Law to rewrite your equation for the force you experience 

as you pass through the Earth in terms of a instead of F G . Hence compare your P 二 

equation with the a = -u 2 x form, and rearrange to give an expression for u. ^ 




E 



This is 七 he e 、 ua*ticm you y/o\rkcd 
ou*t oy\ -the pv-evious pay. 


b. The mass of the Earth is 5.97 x 10 24 kg, the radius of the Earth is 6.38 x 10 6 m, and G, the gravitational 

constant, is 6.67 x 10' 11 mVkg.s 2 . Calculate the time (in minutes and seconds) that it would take for you to 

return to your starting point after stepping into a tunnel that goes through the center of the Earth. Does 

this take you less than 45 minutes ?^： tl 丄 . 丄丄 ai 丄，丄 ，. l» . 

7 I he time that /ilex, takes to av-\rivc witn youv- 


c. What is your average speed during your trip through the Earth? What is your average velocity? 


854 Chapter 21 


七 ： Use the ^ucs*tior\ timid *to 
help you a 的 *this ^ucs-tio^/ 








Question Clinic: The "Equation you've never seen before" Question 

〆- 

Sometimes, a question will present you with an equation 
you've never ever seen before. But don’t just assume you can’t 
^ do it just because ifs unfamiliar. Answering a question like this is sometime 
a case of combining the equation you re given with another you already know 
that you can solve a problem. And sometimes if s a case of interpreting some 
^ other new information you re given in the question as well. 一 

、 - ^^ _ 



»s 山狄， do 灼七 

七 C rb do^v\ 3r\d dirmotd 七 C i 七 


Make suv-c you look \a\ 




suv-c you look uf a^y symbols youVc y\o{, hmiliat with. 
by\ you’ll have by\ c^uatio^ sheet you use. Also 

\rcmcmbcv that the same ^ua^*ti*ty (c-5 > displacement) may 
\trA.tA bv mo\re •fchan o^e symbol (v', \ d) 




ICrw. 


This mdidates -that 
youll tittd "to use dh 
a^sy/cv -Pv-orw by\ cav-licv- 
pa\rt o( 七 he p\robl( 

TWiS jav-^oir\ mcar\S 

you’ll Kavc *bo do 

subs*ti*tu*t»^5 and 

vcav-v-ahjmj* 


l-f you "found 

pav-*b a di-f-fi^ult, 

look ai pav-t 
b. I 七 gives you 
some Wm*U about 
some values you v-c 
c^pc^tcd *to have 
•m youv pa\rt 3 
a^sy/CV-. Y^u mi^h*b 
be able b> v/ov-k 

ba 匕 kv/a 矿 dU, 


^pressiorffo 
The mass of the Earth^^J 
： aftjnils 6j8^ 10 c 


c_ 


What is yo ur average speed during your trip through the ar . 
And what i^our average velocity? 


tiiis 

|-s"ioir\ of 
<\uCS*tior\, 
value 
6 \ isr \’ 七 

Jc 灼 . ^/o\aA b 

lpc^*tcd *to 
>k i*t uf m 
aV- table o-f 
5\rma*tior\. 


»c 


reverse between spcc< 
fv/hidh involves dis-ta^c) and velocity 
(y/hidh involves dispbdemerrt). 


po'm-b y/V)Cn you do i\\c taMa*bcm. 


In a question like this, you need to be 
especially clear about what each variable represents. 

There are several different letters that are conventionally used to 
represent length in physics equations depending on the context - x 
(displacement), r (radius), I (length), and h (height). When you look 
at equations, think about what each variable means, as you may be 
able to make a substitution that isn’t immediately obvious. 


0 



K 
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solutions 


:%Sharpen your pencil 

Solution 


Simple harmonic motion can be described using the equation a = -u 2 x, where the symbols have their 
usual meanings. 




a. Use Newton’s 2nd Law to rewrite your equation for the force you experience 
as you pass through the Earth in terms of a instead of F G . Hence compare your 
equation with the a = -co 2 x form, and rearrange to give an expression for co. 

fvc usrnj \r as displadcw\C^*t c^ua*tioir\ uses >c. 

Ill *to use \r *to be dcmsis*tcirrt. 


F 




、E 





6 {tAYti\ 

E - a^a F. 








This is 七 he c^uatio^ you y/ov-ked 
ou*t oy\ -the pv-evious page. 


、E 


、E 


This is o-f -the -fo\r 




.⑴ 2 v CO 


z 


6 i/v\ 


E 


二 ^ 


CO 


、E 




E 


b. The mass of the Earth is 5.97 x 10 24 kg, the radius of the Earth is 6.38 x 10 6 m and G, the gravitational 
constant, is 6.67 x 10 11 m 3 /kg.s 2 . Calculate the time (in minutes and seconds) that it would take for you to 
return to your starting point after stepping into a tunnel that goes through the center of the Earth. Does 
this take you less than 45 minutes? 

Time i 七 -takes is c«\ual *to -the peviod, T. Meed *to -fvom CO *to T. 

」 c I —x _ 2 -Jt 

d^d -r — -y- ⑴一〒 

Zjt Z x Jt ^ 

- 二 ^OlO s (Z sd) 


CO 


l7l( 


in 

co 






V E 


lo - 11 X ^ 7 x \ 0 ^ 
Ci.Ze x loV 


bleed -time *m sc 匕 cmds. ^OlO s — ^010\ 

This is move minutes, so /\lc 乂 JC*ts *thc\rc -ri\rs*t. 


X 


mm 




0 衫 


mm 


0 午 m.m 30 s. 


c. What is your average speed during your trip through the Earth? What is your average velocity? 



Awajc speed 


Total dis*ta^c 
Total -time 


Awajc vclo^i-ty 


Total displadcmc^-t 
Total *ti^c 


Total dista^c - 午 R 






午 x x lo 6 


^OlO 


Bu 七 -the *to*tdl displadcmeirrt is zjCV-o, as you 
s*tav-*t By\A -f mish *m sdme 

A^cv-ajc vclodi-ty — O m/s 


A^cv-ajc speed — ^OZO m/s (Z sd) 
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think like a physicist 


You know your average speed 
- but whafs your top speed? 

You just used what you know about simple harmonic motion to 
work out that your round-trip time is 84 mins 30 s, and your average 
speed on your trip through the Earth is over 5 km per second! 


Wow, an average speed of over 
5 km per second?! That totally 
rocks! Whafs your top speed? 


Even though you won’t beat Alex to your house, he is really 
impressed and wants to know what your maximum speed is. 

A mass on a spring moves with SHM. Steady kr\ov/ ov\t 

When you worked out the maximum * v/ay daldulatm^ 

speed of a mass on a spring, you used 你 a 乂 speed, 

energy conservation. But working out Bu 七 da” Y ou use 

the potential energy of an object inside saw ^ 代？ 

the Earth is going to be tough ... 




0 ^ s 
impvcsscd! 


So we gotta calculate the gravitational 
potential energy inside the Earth?! Man, 
that was tough enough from outside! 


O 






Joe: Not necessarily - there’s something I’ve been thinking about for 
the last few pages. When we said, “What’s it like?” right at the start, 

I said I thought it looked like circular motion from side on. 

Frank: Oh yeah. Circular motion from side on and simple 
harmonic motion both use the same type of equations. 

Jim: How does that help us? 

Joe ： I was thinking that if we looked at an orbit from side on, it 
might look like the trip through the Earth and back. We know how 
to calculate the velocity of an object that’s in orbit around the 
Earth. That velocity will be the same as the maximum velocity when 
you look at the orbit from side on. 

Joe: Yeah, I was thinking that the amplitude of an orbit just over 
the Earth’s surface and the amplitude of the trip through the Earth 
would be the same. 


Frank: But what if the orbit and the simple harmonic motion don’t 
have the same period? 

Jim: We know how to calculate the period of an orbit as well. If 
the orbit and the SHM have the same period as well as the same 
amplitude, then they must look identical from side on... 
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side-on circular motion 


Circular motion from side oh 


looks like simple harmonic motion 

If you could orbit the Earth close to its surface, you’d 
follow a circular path. When you look at an circular 
motion from side on, you only observe one component 
of the displacement, velocity and acceleration. 

Circular motion from side on and simple harmonic 
motion both use the same type of equation, so their 
graphs are the same shape. 



Trigonometry 


Angle 


Radius 





Amplitude 






Y^U pvojcdt 七 his o( 

七 he ombrt’s vadius ov\{p ihc turmel. 


Displacement 


R r 


ttcvc, youVc ov\ 
•t^c side 


This is feviod 

<Jc the SttM. 




, A 

\ 少 

The SttM a^d *thc orbit both 

have {he same AMPL-ITUP6- 

一 the v-adius Eav*th- 


l-f the SttM By\A the o\rbi*t also 
have *thc same PER I OP, 

thcyVc identical -fv-om side o^. 


Tliere’s often 
more tkan one 
way oi looking 
at a protlem* 


If the circular orbit has the same amplitude and 
the same period as the simple harmonic motion trip 
through the Earth, then the two journeys will look 
identical from side on. 



This means that the maximum speed of the trip 
through the Earth will be the same as the linear speed 
of the orbit (as long as the periods are the same). And 
you can already calculate the linear speed of an orbit... 


槪 the displace 眯 eh 七一七 ime 

thcv-c, but the two vclodi-ty— 

would also be ideivbi 乙 dl. 
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think like a physicist 



Dumb Quest! 


ons 


But surely an orbit at the surface 
of the Earth wouldn’t work because of 
air resistance? 

That’s absolutely right... but then 
again, we made some assumptions about 
oscillating to and fro through the center of 
the Earth already! Originally, we said that 
we’d ignore air resistance (which would 
slow you down) and the Earth’s rotation 
(which would make you hit the sides of 
the tunnel) - so we can safely ignore them 
both for the orbit as well! 


But how do you know that the 
period of the orbit and the period of 
the SHM are the same? They might be 
different even though the amplitudes 
are the same. 


That’s right - we don’t know that the 
periods are the same ... yet. But as you've 
dealt with orbits before, you'll be able to 
work out whether they are soon enough ... 

tt'mt Thmk about wha 七七 he 



^oYtt is provided 
by. You CBy\ use youv- e«\u3*tio 的 
i-f you like! 



If the orbit has the same period as the SHM, then 
they look identical from side on. 

a. Calculate the period of a circular orbit at 
the Earth’s surface. (The mass of the Earth is 
5.97 x 10 24 kg, and its radius is 6.38 x 10 6 m.) 

How does this compare to the period of SHM 
through the center of the Earth? 


b. What is the maximum velocity of something 
(or someone) falling through the Earth? 
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just-in-time pizza 


parpen your pencil 

Solution 




If the orbit has the same period as the SHM, then 
they look identical from side on. 

a. Calculate the period of a circular orbit at 
the Earth’s surface. (The mass of the Earth is 
5.97 x 10 24 kg, and its radius is 6.38 x 10 6 m.) 

How does this compare to the period of SHM 
through the center of the Earth? 


F 二 j^rCO 


z 




CO 


CO - Zjt-f 






ay\d (— 
Zjt 



+ 今 CO 






Z X Jt 


IO-" X 印 x \ 0 ^ 

d.ze x ioV 


^OlO s (Z sd) 


Zjt 

T 


This is same pc\riod as you osdillatmj *t^v-oujh *tiic 
ttY\{,cy" o-f -the Ea\rth. 


b. What is the maximum velocity of something 
(or someone) falling through the Earth? 

Maximum vclodi*ty is sdme ds vclodi*ty o-f ^i\r^ula\r motion. 

, Zjt 

V 二 vCO av\d CO = 


V 


ZjDr 


T 


Z x jt x ^>30 x lO h 


^OlO 


v - 1°(00 m/s (Z sd) 


Your top speed is a blistering pace of 
just under 8 km per SECOND! 



As long as you send your Break Neck 
Pizza order when you pop out on the 
other side of the world (with 42 min 
and 15 s still to go), you arrive home 
just before Alex does! 



S*tav 七 iicv-c, /Wive bade. 


Scrtci ovdev". 
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think like a physicist 


You can do (just about) anything! 

You’ve finished your trip through the Earth - and 
your trip through this book. You’ve learned how 
physics works in the real world and absorbed 
problem solving strategies that you can use (just 
about) anywhere. 

Think like a physicist! 




a pliysicist* 


Circumference 


Inverse square law 





m 



■ n Tkink like ■ plasti^collision 


Force 
Pendulum 


Substitution 


imple Harmonic Motion | Time 
hagoras ^^tnergy H Tension 
Equations of motion 


Pulley 


Radians 


Be part of 


Normal force 


Vector 


I 


Speed 

Gravitational potential energy 
Mechanical energy 


I 


Velocity 
Radius 


Amplitude 
Power 


Work 


Volume 

Free body diagram 
Newton’s Laws 


Does it SUCK? 
Mass 
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appendix 1 ： lefeVers 命 

The top 6 things (that we didn’t 
% cover before, but are covering now) 




^UT — ur>i-f icd *tKcovy 
TOE — *t^covy o-f cvcvytiim^. 



No book can ever tell you everything about everything. 

We’ve covered a lot of ground, and given you some great thinking skills and physics 
knowledge that will help you in the future, whether you’re taking an exam or are just 
curious about how the world works. We had to make some really tough choices about 
what to include and what to leave out. Here are some topics that we didn’t look at as we 
went along, but are still important and useful. 


this is a new chapter 863 


straight line graph 


# 1 Equation of a straight line graph, y 55 mx 


In chapter 20, you learned to compare the equation for a 
specific case of simple harmonic motion (for example, a 
mass on a spring or a simple pendulum) with a standard 
equation for simple harmonic motion, x = Acos (㈣ • 

When you line up your SHM equation with this standard 
equation, you can use it to work out the amplitude and 
angular frequency of your system. 


4- 


There’s an even more fundamental 
equation you can do this with - the 

standard equation for a straight 
line. This is given hy y — mx + c, which 
you can plot on a graph of y vs x. 



y 




c 


Slope = m 


TKc amplitude is %, because 

% 0 \ y \ sfctnrid c<\uatiov> 
dovvcsfoy>ds *fco A ^ 
sia^dard e«\ua 七 ’io 灼 . 

The a^^ular is 

because spedi-fid 

dov-\rcspo^ds *to CO 
\ y \ S-bdirtddV-d C^uatlOl^. 

When x = 0, the equation j 
which is just j = c. 

Therefore, c is the intercept - the value of j when x = 0. 


mx 


+ c becomes j = 0 + 6：, 


m is slope 
<Jc yapK 


x 


If you increase the value of xby l, then value of j 
increases by m, because of the j = mx part of the 
equation. This means that the slope of the graph = m. 


匕 is tk ihtc\rdcpt, whcv-c the 

yaph duts hov-iiohtal axis. 


\/cv-tidal a%is = mx 


c 


一 Hovizo 灼 *tal a 乂 is 


Every equation 
for a straigkt 
line g[rapli 
follows tke 


Every equation for a straight line graph follows this pattern, or 
form. It means that if you work out which variable to plot on 
which axis, you can work out the values of the other variables in 
your equation from the slope and the intercept. 


pattern 
y = mx 


Equation 

Vertical 

axis 

Horizontal 

axis 

Slope 

Intercept 

y = mx + c 

y 

X 

m 

c 

x = x 0 + vt 

X 

t 

V 

x o I 

v = v 0 + at 

一 


a 



c 



p|o*t a yapK of v aymst 七 and taldula^ 
addclcv-a*tioy> -fvom slope o( 
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leftovers 


L'mc up 七 he 
vav-iablcs \ y \ 
youv- c^uatio^ 
wi 七 h *thc 
variables m 
七 he s-ta^dav-d 
c^uatio^ so 
-that you 
keep iv-adk 
Widh is y/hidlv 


Why would I want to compare an 
equation to the graph y = mx + c when I 
can just plot a straight line graph anyway, 
using the variables I already measured? 


(jus 七 about) 

You can turn ANY equation into a 
straight line graph and measure its slope 

Suppose you’re doing an experiment to calculate 
the acceleration of a block down a slope (perhaps to 
eventually work out the coefficient of friction). 


You’d expect your graph of displacement vs time to be of 
the form x = x Q 4 - v Q Z + V^a^ 2 . 

If you set things up so that x Q = 0 and v Q = 0, the 
equation becomes x = 0 + 0 + V^a^ 2 , or just x = V 2 at 2 

You know from experience that x = V 2 a 户 will produce a 
curved graph... so what does it have to do withj 二 mx + c, 
which is the equation for a straight line graph? 




Equation 

Vertical 

axis 

Horizontal 

axis 

Slope 

Intercept 

y = mx + c 

y 

X 

m 

c 

x = %at 2 

X 

3 t 2 

y 2 a 

°^l 



If you work out the value of t 2 for each of your data 
points and plot t 2 along the horizontal axis and x along the 
vertical axis, you’ll end up with a straight line graph with a 
slope of V^a. Draw the graph, measure the slope, and you 
get the value for a, which is what you want! 

Another way of thinking about it is to say “Let 之 =P’ and 
substitute that in to your equation x = l /2 3.t 2 . You then 
have the equation x = V 2 2iZ- So if you plot a graph with x 
on the vertical axis and ^ on the horizontal axis, the slope 
of the graph will be Wa. 

If you already know the form of the equation you 
expect your experimental results to take, this can be a very 
powerful tool. 


Slope = V2a 


he is zjcyo bemuse 

X 二 O wliCh 七 2 ■二 O 

Arrange tilings so 
tkat tke cjuantity 
you want to know 
winds up as tke slope 
or intercept oi a 
straigfkt line grapk. 
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displacement is the area 


择 l displacement is the area under the velocity - time graph 


You’ve already learned that the work done is the area under 
the force-displacement graph, and used this several times to 
calculate energy transfer. 

This is possible because the quantity of work done = FAx. 
This equation has the same form as the equation for the area 
of a rectangle: area = height x width. If you have a rectangle 
on a graph where the height is F and the width is Ax, then the 
area of the rectangle will be equal to the work done. 

If you have any equation of the form A = be, then A will be 
the area under a graph of b plotted against c. 


F 


TVic yafh is a 

F A%. 

So av-ca o-f 

is FA%-, 

C<\ual *to >wo\rk doy\C 


x 


■> Displacement 


Velocity 



TKc yapK is a 
vcdta^lc v 

dhd y/id*bK At So *tKc 

av*c3 o-f vcd*t3^lc 
is vA 七 c<\ual *to -tKc 
displacement 

Time 


This even works for graphs that aren’t rectangles. For 
any shape of graph, you could theoretically split 
up the area between the graph and the horizontal axis 
into lots and lots of tiny rectangles. Then you can add 
up the areas of the rectangles - to get the total area 
under the graph, and the total displacement. 

Pyramidally, you’d daldulaie 
the displadcmch-t by 

Velocity woirkihg out the area o-f 

the ahd the 

a\rcas <^f -the two tv-ia^glcs. 



/ou ^ o-p this as bema 

up lots of tmy cadh like the 

—ih tk pidtuv-c above. 


The most common example of this kind of 
graph is a velocity-time graph. 

This is because v = and so Ax = vA^. 

Therefore, if you plot a graph of v against t, the 

area under the graph will be equal to Ax 


H A = tc tken A will te 
tke area under a g[rapk ol t 
plotted againt c. 

For example, x = vt, so x is 
tke area under a v-t g[rapk. 
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leftovers 


I guess that if the velocity is negative, 
then you rack up the area underneath the 
horizontal axis instead of above it? 


Yes - if the velocity is negative, the displacement 
is changing in the opposite direction. 

The area between the velocity-time graph and the x-axis tells you 
the total displacement so far. If the velocity has only ever been 
positive, the total displacement must also be positive. 


However, if the velocity later becomes negative, the object must 
be retracing its steps and traveling in the opposite direction. This 
corresponds to the velocity-time graph being below the horizontal 
axis, and a change of displacement in the negative direction. 


If there are equal areas above and below the horizontal axis of the 
velocity-time graph, the net displacement must be zero. 



Displacement 
(m) 


Graph of displacement vs. time for an 
object which goes up then down again 



Area atove 
korizontal 
axis is positive 
ctisplacement. 

Area telow 
korizontal axis 
is negative 
ctisplacement. 


TilC is Cumulative• 

So -tliis avea (so 
-fav) is c<\ual *bo tiVis 

I 
I 
I 

w . i t ,、 ，Graph of velocity；vs time for an object 
Velocity (m/s) / ,., 丄 ■ 」 . 

J I which goes up then down again 


"Time (s) 




A 七 *t^is you have 

e«\ual aveas above ar\d - 
bclov/ "tiiC \iovizjoy\*t3l 
so ovcvall dumulatwc 
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recognizing torque 


Torque ow a bridge 

We’ve previously defined torque as a “turning 
force.” When you identify a fulcrum, torque is 
defined as the displacement from the fulcrum 
a force is applied at x the component of the 
force perpendicular to the lever, t = rF ± 

Torque is a vector - you define clockwise as 
positive and counter-clockwise as negative. 


a 


t 


l-f y/c dc-f 'mc 

dlodkv/isc ds 
positive div*cdtion, 
*tWis *bo\r<^uC is 
negative. 


a 


A 


F 


2 2 2 


Clodkv/isc 

-e” net to^ue, yj ^ ioh; so iVls 
as toques are ^ js ?osittvc 

e<\udl siz^s m 
opposite div-cdtions. 


20.0 m 



In any protlem tkat asks 
you about iorces, look to see 
ii all tke iorces act tkrougfli 
tke center ol tke object. II 

tliey don’t，tken a TORQUE 

must te present. 


In some problems, you’re asked to calculate 
the force that a pillar or string exerts on a 
bridge to support it. For example: 

“Imhotep, mass 80 kg, is standing 5.0 m from 
the end of a bridge that’s 20.0 m wide and has 
a mass of 200 kg. The bridge is horizontal and 
in equilibrium What force will the support at 
the far end of the bridge exert on the bridge?’’ 

The key to solving a problem like this is 
recognizing that it’s actually about torque 
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leftovers 


The key question in working this out is to ask yourself: “if the pillar wasn’t 
there, where would the fulcrum be? 

In this case, the bridge would rotate around the pillar that supports it at the 
other end. So the force that our pillar provides must provide a torque that 
makes the total torque on the bridge around the fulcrum add to zero. 

As well as the torque provided by our pillar, we need to think about the 
torque from Imhotep and the torque from the bridge itself. The second key 
is realizing that the bridge acts like all its mass is concentrated in the 
center. Even if Imhotep was invisible, there would still be a torque. 


10.0 m 


5.0 m 


20.0 m 

ad*ts like its 
v^dss is dll 

at i*b Y< 

pWo*t rt a 七 or\C ⑼ d. 



/ou 


m = 80 kg m = 200 kg 


o ) 

FultV-um 


r t 

F 1 - 80g 

\ u 

F 2 = 200g 



Gall clockwise the positive direction: 


r i F l + r 2 F 2 - r 3 F = 0 


|-f {\\\s pillar y/as 灼’七 

-fuldvum y/ould be a 七 
pillav-. 


F 

F 

F 


r F + r F 

11 2 2 

5.0 x 80 x 9.8 + 10.0 x 200 x 9.8 


20.0 


1176N 


Finally, check to see if your answer SUGKs. The units are 
correct, but what about the size? The total weight of the bridge 
plus Imhotep is (200 + 80) x 9.8 = 2744 N. But the mass is 
mostly concentrated at the other end of the bridge, so this pillar 
should support less than half the combined weight. 

1176 N is less than half of 2744 N, so the answer is plausible. 


II you want to know tke 
iorce tkat a pillar (or string) 
exerts on a tridgfe, ask 
yourseli ff wkere would tke 

FULCRUM te ii tliat pillar 

(or string) wasn’t tliere?” 
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practice, practice, practice 


# 4 Power 


Power is the rate at which you do work, and is measured in 
Joules per second. Sometimes you’re asked to calculate the 
time it takes a machine with a certain power to transfer a 
certain amount of energy. 

So for example, a 1.0 kW engine produces 1.0 kj per 
second, and would do a job requiring 10 kj of energy 
transfer in 10 seconds. 


There’s also another equation you 
can use as a shortcut, which involves 
the velocity that the object you’re 
doing work on moves at: 

Power = Fv 


Power 


Power 


Power 


AW 

A ( F n x ) 

Az 

Fv 


Tins is va*tc 
o-f o-f 

ov vclod'i*ty* 


F 


Ax 

~Kt 



(Rcrwc^bcv-, v/cVc us'mg -the o-P 

the (oy-u pavalld to the displa 以你 errt. 

So -the vclodi-ty must also be pavallel to 
the -Pov-dc a^d displadc^chi) 



Lots of practice questions 

This book is fundamentally a learning book, not 
a textbook or a question bank. The questions and 
exercises have been carefully chosen to help you 
grasp the physics concepts you’re learning about. 

This is because to fully understand physics, 
you need to do physics, not just read about it. 
You need to be able to use the concepts to do 
calculations as well being able to explain them. 

You can’t get good at tennis just by reading a 
book about it - and in a similar way, you need to 
practice lots of exercises, problems and questions 
to get good at physics. 

Do as many practice 
questions as you can - 
especially using past exam 
papers from your course. 


Better at 
physics 



As you mas*tcv move ar\d 
move pKysits, you s*tav-*t b> 

. crjjoy i*t i^ovc> 扣 d 

i\)\s o^ooA becomes vcally 


l-f you 

you 

y>cvcv- yt pas*t 




L.C3V"ir\iir\^ moVC ^iiysids 朽 S you 
car\ do Kav-dcv- yrachtc ^ucstio^s. 


Pva 匕七 16% 
pKysids n\Cdv\s 
you lcav-r> 
ar\d u^devsia^d 


move. 


You can never do enough practice questions - but page 
count had to kick in somewhere, so you’ll have to find 
more elsewhere. A good source is your exam board, which 
will have past papers, or the kind of revision guide that 
contains practice exams. 

If you’re taking AP Physics, you can download the past 
papers from their website - together with sample worked 
answers and marking schemes! 
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leftovers 


# 6 Exam tips 


Although not everyone reading this book will be studying 
for an exam, a lot of people probably will be! We’ve 
based the content of this book on the mechanics and 
experimental parts of the AP Physics B course (an 
American College course). The syllabus is also largely the 
same as the mechanics content of an English A-Level 
exam (also taken internationally). But these exam tips 
apply right across the board! 


Arrive at your exam iresk 
so tkat you’re ready to Le 
inventive and solve problems. 
Trying to cram tires out tke 
creative parts oi your train. 


^^^BUILET POINTS —— 

■ Find a procrastination-free place 
to work. If necessary, hide your 
internet cable or wireless card! 

■ Remember that different people 
structure their work in different 
ways. Some are happier with a 
timetable written out in advance, 
and some with writing down what 
they have revised and how long 
they spent on it as they go along. 

■ Don’t be psyched out by what 
other people on your course claim 
they are or aren’t doing. Just get 
on with what you’re doing. 

■ Start off with a mixture of reading 
through your notes or this book 
to make sure you understand the 
concepts, while doing (or redoing) 
exercises from the book. 

■ Read through your homework 
from each section of your course 
to remind yourself of how you 
did problems before. If you’ve 
forgotten how to do any, redo them 
to remind yourself of the method. 


■ Get a good stock of previous 
exam questions. Once you’ve 
been through your notes and your 
homework, do all the questions in 
two or three papers “open book” 
(referring to your notes when 
you need them), then do all the 
questions in the most recent paper 
or two without using your notes. 

Do as many past papers as is 
physically possible! 

■ In the exam, find out whether 
you are allowed a calculator in 
advance, and make sure you 
have spare batteries. Download or 
photocopy the equation table you’ll 
have in your exam, and make sure 
you use it when doing past papers. 

■ Get a good night’s sleep and don’t 
cram- physics exams test how 
you can think on your feet, not 
what you have learned by rote. 

■ Read the question. Underline the 
important parts. Read the question 
again. You get zero credit for 
answering a question you’ve not 
been asked! 


■ Start with a sketch, and by asking 
yourself what it’s LIKE. 

■ Try to give an explanation of what 
you’re doing at each stage of the 
problem. This helps you get things 
straight in your head - and helps 
your examiner give you points for 
showing that you understand. 

■ Show your work! A numerical 
answer with no work usually only 
scores half points even if it’s 
correct. 

■ Never cross anything out. If 
you change your mind part-way 
through, only cross out your first 
answer when you’ve completed 
your second. 

■ If you have a multiple choice 
exam, find out if it is negatively 
marked. In the AP Physics B 
multiple choice paper, you lose 
quarter of a mark for every 
question you get wrong. So if you 
can reduce the possibilities to two 
or three answers, it’s worth taking 
a guess. But not if you're guessing 
between four or five answers. 
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appendix ii ： ecpcitlon table 


Point of Reference 





It’s difficult to remember something when you’ve only seen it once. 

Equations are a major way of describing what’s going on in physics. Every time you use equations 
to help solve a problem, you naturally start to become familiar with them without the need to 
spend time doing rote memorization. But before you get to that stage, it’s good to have a place you 
can look up the equation you want to use. That’s what this equation table appendix is for - it’s a 
point of reference that you can turn to at any time. 


this is a new chapter 


Mechanics equation table 


Equations of motion 

“No displacement” 

“No final velocity” 

“No time” 


v = + at 


X = X Q + V。/ + V 2 2it 2 


v 2 = v 2 + 2a(x - x 


|-f -tKc -fovdc vav-*ics 七 you v\ttd *to use 
-tKc avea u^dev- -fovtc-timc yapii oy \ 

iia^d side c<\uatior\. 


Forces 

Momentum 

Newton’s 2nd Law - 
momentum version 
(F ie A/ is also called impulse: 

Newton’s 2nd Law - 
acceleration version 

Friction 
Torque 

T is pcvpc^didulav- -fco 
V" 3hd Clodky/isc 
is positive, dou 灼七 ev -— 
dlodkwise is negative. 


P 


mv 


F At = Ap 

net 1 


F net = ^ 


fric 



T 



This is a sdala\r c^uaiioh. 

Bvc^ ihoujh F a^d F av-c 

pcvpchdidulav-, the div-edtio^ o( p 
depends ov\ -the div-cdtioh By\ objedx 
is bcihj moved \y\, hot oy\ F^- 


T = 

7 

CO = 


X = 

rO ' 

v - 

TO) 

CL — 

c 

TO) 2 

CL — 

c 

V 2 

r 



These c^uatiohs also y/o\rk 
-PoV sirwplc h^VrwohiC. motion. 

Circular Motion 

Period and frequency 

Angular frequency 
(aka angular speed or 
size of angular velocity) 

Linear and angular distance 

Linear and angular velocity 

Centripetal acceleration 
(using angluar frequency) 

Centripetal acceleration 
(using linear speed) 

I 的 simple ha\rmo^id motion, 





•these jive you -the maximum 
values o-f % and 

Gravitation 


Gravitational force 

Gm.m n 

77 — — 丄 幺 

between two spheres 

尸 G _ ^ 

Gravitational potential 
between two spheres 

rr _ _ Gm i m 2 

u g~ r 


Although this is a sdala^r c^uaiioh, 
it is usc-Pul -to put \y\ the m'mus TVicv-^s d n\\ms s\yr\ \y\ 

siy> •{» vcmcmbcir -that F a^d r {\\\s c<\ua*t'ioir\ because 

av-c m opposiic divediio^s. U is dc-f mcd as z^v-o 

y/V)Cir\ V* is 



Work and energy 

Work done on a system 

Gravitational potential 
energy 

Kinetic energy 

Average power 

Power used to do work on 
a system 


W = 

F u Ax 

u 二 

g 

mgh 

K 二 

V2mv 2 

P = 

avg 

AW 

At 

P = 

FAv 


Poy/cv- is 

v-atc at 

>wo\rk is dor\t- 


TVicsc a\rc all stalav 
be^duse y/iicn you multiply 3 
vc^ , to\r by 3 vet'tov* ^3V"3llcl *to 
i*b> *bV^c result is d stalav- 



Simple Harmonic Motion 




Force and spring constant 

F = 

s 

=-Axv 

Elastic potential energy 
of a spring 

U = 

s 

=Wkx 2 

Standard SHM equations 
take one of these forms for x, 

X = 

= x 0 sin (㈣ 

v and a (depending on ititial 
conditions) 

X = 

= x Q cos(a>^) 

Angular frequency for 

CD - 


k_ 

m 

mass on a spring 

、 

Angular frequency for 
simple pendulum 

0) - 

\ 

g 

l 
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equation table 


Also called yav'itatior>al 
-f ield s*tvc^5*tK. 


umts' -ro\rdc \\Bs uhits o-r kg-m/s z 


Constants 


Acceleration due to gravity 
near the Earth’s surface 

Gravitational constant 

Speed of light 


§ 


9.8 m/s 2 


G = 6.67 x 10' 11 m 3 /kg.s^ 
c = 3.00 x 10 8 m/s 


(J useful values ； s\acM as -the v-adius o( -the a 的 d 

-the mass o( -the BariK art jivc^ m some c<\ua*tio^ -tables 
bu*t Y\oi others. The AP Physic B table omiis them. 

Geometry 


Units 

Length 

Mass 

Time 

Frequency 

Force 

Energy 

Power 

Prefixes 


meter 

kilogram 

second 

Hertz 

Newton 

Joule 

Watt 



Area of a rectangle 

A = 

base x height 

10 9 

giga 

G 

I。- 3 

milli 

m 

Area of a triangle 

A = 

V 2 x base x height 

10 6 

mega 

M 

10- 6 

micro 





10 3 

kilo 

k 

10-9 

nano 

n 

Circumference of a circle 

C 二 

2jxt 

10— 2 

centi 

c 

10- 12 

pico 

P 


Area of a circle 
Surface area of a sphere 

Volume of a sphere 

Volume of a prism (3D shape 
with same shape of base and 
top, and straight sides) 


A 

S 

V 


4m 2 

jjrr 3 


V = area of base x height 


|-f you have a iV shape, tv-y u ur^rollm< o\r 
w u^+old'm^ i*t -flat *to see v/hidh ZV shapes 
its do^st\rud*tcd -Pv-om. 


Trigonometry 

v- always 

vadii 


Letters used in 

Distance 

Displacement 

Velocity 

Acceleration 

Time 

Mass 

Momentum 

Force 


equations 

x, r, l 

x, r ^ v- always 


V 


\rddius. 


m 

P 

F 



adj 



Pythagoras 

hyp 2 = 

= opp 2 + adj 2 

Torque 

T 

Sine 

sin(0)= 

opp 
_ hyp 

Work 

w 



Potential energy 

u 

opp 

Cosine 

cos (6) - 

adj 
_ hyp 

Kinetic energy 

K 



Power 

P 

Tangent 

t2iH (0^ — 

opp 
"adj 

Period 

T 



Frequency 

f 
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Symbols 

jt 637-638 

fractions of 648 

A 

acceleration 187, 210-211, 226, 841 
centripetal 680-682 
constant (see constant acceleration) 
defined 191 

due to gravity 231—232, 236, 286-287, 728-729 
at the Earth’s surface 737 
graphing 293—294 
impulse 502 
net force 447 

opposite direction of 288—289 
perpendicular 461, 698 
support force 453 
trajectories 369 
units of 227—228 
weight 447 

(see also slope, velocity-time graph) 
acceleration-time graphs 805-806 

amplitude 786, 810, 857-858 
defined 795 

elastic potential energy 820 
frequency of SHM 814 

angles 168, 187 
direction 169 
measuring 170, 646 

angular frequency 651—652, 661, 680 
defined 661 
equation 807 

angular speed 657, 680 
equation 807 


angular velocity 

centripetal acceleration 680 
defined 713 

answers and significant digits 50 
approximations 10 
area 72, 91 

converting units of volume 84—87 
defined 91 

arrows 157 

assumptions 10 

average 104, 106, 110 
graphs 116 

of inaccurate results 113 
speed 140 

average velocity 213, 245-247 
constant acceleration 252 
equation 246 

B 

balance point of ruler 523-524 
banked curve 711 
bias 106 
blueprints 

conversion factor 33-35 
units 22 

bobsledding example 560-580, 694-714 
banked curve 711 
centripetal force 696 
force acting towards center of circle 707 
horizontal centripetal force 699 
loop-the-loop 703—710 
how fast 708—710 
normal force 697 
perpendicular acceleration 698 


this is the index 877 




the index 


bobsledding example (continued) 
tension force 704 
vertical circle 712 

breaking down problems 170, 845 

Break Neck Pizza example 96—148 

Bullet Points 

angular frequency 652, 658 
angular speed 658 
circumference 652 
cosine 385 

design an experiment question 201 

displacement 163 

distance 163 

energy conservation 626 

equipment 201 

free body diagram 512 

Hertz (Hz) 652 

impulse 512 

negative numbers 302 

pendulum 833 

Pythagoras’ Theorem 347, 385 
radians 652 

right-angled triangles 347 
rotational equilibrium 534 
scalars 163 
similar triangles 385 
simple harmonic motion 833 
sine 385 
sketching 302 
springs 833 

surface area or volume 725 
tangent 385 
torque 534 
vectors 163 

buzzwords 194—195 


c 

calculations 79—80 

with large and small numbers 76 


calculators 
cosine 360 
playing with 362 
power button 61 
scientific notation 63 
sine 360 
tangent 360 

trigonometric inverse functions 360 
understanding answers 62 

cannonball example 391—436 
calculating range 430-433 
lab experiment 410—412 
large objects and velocity 402 
mass 400 

inertia 404—407 
maximum range 395—398 
Newton’s 1st Law 403 
Newton’s 3rd Law 423 
recoil velocity 409, 424, 427 
stone cannonball 400 
stone versus iron cannonball 428 
symmetry 398 

(see also castle defense system example, cannon, firing) 
castle defense system example 336—390 
cannon, firing 348—390 
firing angle 351 
trajectories (see trajectories) 
trigonometric functions 363 
moat, building 339—346 
scale drawing 342 
centrifugal force 677 

centripetal acceleration 680-682 

centripetal force 674 

bobsledding example 696 
defined 713 
disappearing 678 

equating with gravitational force 754—758 
free body diagram 693 
horizontal 699 
what affects size of 679 

cheese globe example 716-725 
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circular motion 632—662, 664—714 
angular frequency 651—652, 680 
angular speed 680 
centripetal acceleration 680-682 
centripetal force 674, 692 
disappearing 678 
free body diagram 693 
velocity vector 684 
what affects size of 679 
circumference 634—636 
contact force 668—673 
degrees and radians 653 
force acting towards center of circle 707 
free body diagram 667—668 
freefall 665—666 
gravitational attraction 665 
Hertz (Hz) 641-642 

linear distance, converting to revolutions 639—640 
linear speed, converting to angular frequency 
654-658 

normal force 697,704 
perimeter of a circle 634 
perpendicular acceleration 698 
radians 646-648 
radius 633—634 
revolutions 633—634 
fraction of 649 
tension force 7 04 
units 644—648 

circumference 634—636, 661 
defined 661 
jt 637-638 

coefficient of friction 488 

colliding objects 

elastic collisions 587-597 
inelastic collision 588, 596-597 
momentum conservation 476—477 

communicating principles 128 
component 388 
component vectors 480—483 


constant acceleration 728 
average velocity 252 
defined 235 
equations 286, 318 

constant velocity 236, 245, 403 
slope of velocity-time graph 226 
contact force 454-456, 668 

conversion factor 29-31 
changing units 34 
fraction 30 

updating blueprint 33-35 
cosine 354 
graphs 796 

new definition 77 9-7 81, 784 
oscillations 810 
relationship with sine 785 
SOH GAH TOA mnemonic 357 

cubic meters 71 
curved line, point on 218 

D 

decimal places, versus significant digits 40—41 
definitions (see glossary) 

degrees 168 

radians and 653 
working with 648 

designing experiments 194—199 
devices, understanding how they work 441 
digits, significant (see significant digits) 
dimensions 84—87 

Dingo and Emu example 

ACME cage launcher 284—334 
acceleration-time graph 293 
displacement-time graph 295—296 
launch velocity 321—324 
ACME rocket-powered hovercraft 305—320 
cage 

calculating displacement 253-254 
velocity-time graph 249 
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crane 204—236, 238-282 
start and end points 241 

direction 169, 190, 211 
vectors 288-289 

displacement 210-211 

average velocity 245-247 

calculating 253-254 

defined 191 

from equilibrium 801 

horizontal 374 

pendulum 831 

proportional to force 853 

using force to displace object 538-541 

velocity 174, 212 

versus distance 155-156, 188 

Displacement, Velocity, and Acceleration Up Close 211 

displacement-time graph 248-249, 297, 790—792 
slope 222—224, 295 
working out displacement 234 
working out velocity 217, 231 

displacement vector 157, 769-774 
right-angled triangles 774-778 
x-component 783—784 

distance 101 ， 108, 155, 156, 163, 190 
defined 147 
scalar 157 
speed 174 
total 140 

versus displacement 155-156, 188 
versus time 122 

distance-time graph 120-124 
slope 124 

equals zero 138 

duck-shooting competition example 762—796 
displacement vector 769—774 
right-angled triangles 774—778 
x-component 783—784 
two players 782 

velocity from each player’s view 789—793 


E 

Earth 

being at center 12 

calculating force on spaceship at any distance from 
741 

gravity 231—232, 235 
mass 737 
radius 737 

treating as shell 845-850 
treating as sphere 845 

efficiency 553 

elastic collisions 587-589, 592-594, 596-597 
defined 600 

elastic potential energy 575, 816 
springs 820 
electromagnet 198 

energy 

defined 556 

internal (see internal energy) 
energy conservation 559-602, 620—626 
calculating velocity 569 
complicated problems 579 
defined 556 

elastic potential energy 575 
escape velocity 747-750 
gravitational potential energy 575 
height difference 545, 564 
internal energy 574, 576, 596 
kinetic energy (see kinetic energy) 
law of nature 583 
macroscopic scale 575 
mechanical energy 575 
versus kinetic energy 576 
microscopic scale 575 
momentum conservation 587—594 
elastic collisions 592—594 
momentum versus kinetic energy 580—581 
potential energy 567-570 
height difference 568 
springs 816 
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stopping an object 571-574 
distance required 582 
torque and work 544—551 
uniform slope 560, 563, 566 
versus forces 570 
work against friction 574 

energy transfer 542-543, 573, 585 
temperature difference 552 
equations 

angular frequency and angular speed 807 
checking 300 

constant acceleration 286, 318 
defined 147 
equal sign 100 
factoring 590-591 
frequency and period 807 
general 307 
graphs (see graphs) 
grouping terms 315 
kinetic energy 580 
letters with subscripts 98 
momentum-impulse 580 
momentum conservation 421 
parentheses 311-314 
predictions 128 
rearranging 126, 148 
representing the real world 240 
simplest form 310 

size of frictional force experienced by object 488 
slope 122 

solving for two unknowns 587 

speed 111, 122 

symmetry 327—329 

testing 251-252 

time = something 126—127 

variables 99 

vectorizing 211 

verifying that equations are correct 264—273 
equations of motion 237—282, 283-334 
acceleration-time graph 293 
average velocity 245—247 
constant acceleration 252 


constant acceleration 252, 318 
constant velocity 245 
defined 333 

displacement - time graph 248-249, 295 

final velocity 243 

general equations 259 

grouping terms 315 

GUT, checking equations 273 

initial velocity 243 

launching object straight up 297 

parentheses 311-314 

substitutions 256—263, 308 

symmetry 327—329 

testing equations 251-252 

velocity 244 

acceleration in opposite directions 288—289 
velocity - time graph 241-242, 248-250 
verifying that equations are correct 264—273 

Equations Up Close 
equal sign 100 
term 100 

equilibrium 530 

errors 43, 54, 148 

rounding converted 44 
zeros 52 

escape velocity 726, 747-750 

estimating scientific notation 70 

experiments 108, 148 

changing variables 414 
designing 105, 194—199 
setup 411 

extrapolating 115, 118 
graphs 220—221 
extremes 101, 102 

F 

factoring equations 590-591 
falling 235 
falling object 236 
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Fireside Ghats 

degrees and radians 653 

energy and work go head to head 554-555 

graph versus equation 144—145 

normal number versus scientific notation 88—89 

Five Minute Mystery 

Honest Harry has a problem 277 
Solved 278 

Problems with a punchbag 627 
Solved 628 

The giant who came for breakfast 90 
Solved 93 

football (see SimFootball example) 

force 841 

centrifugal 677 

centripetal (see centripetal force) 
coefficient of 497 

components that add to zero 848-849 
contact (see contact force) 
defined 435 
frictional 487—490 
gravitational 455, 845 
exerted by a sphere 850 
impulse 502 
net (see net force) 
normal (see normal force) 
pairs (see Newton’s 3rd Law pairs of forces) 
perpendicular 458-460, 527 
proportional to displacement 853 
related to mass and velocity 411-417 
relationship between force and mass 443-444 
restoring 844 
static equilibrium 528 
stopping an object 571-574 
support 449—450 
using to displace object 538-541 
vector angles 462 
vectors 467 

versus energy conservation 570 
versus torque 526 
working out problems 512 


force-displacement graph 816, 818 
potential energy 743 
fractions 30—31 

free body diagram 451, 454, 456, 466, 512, 667-668 
centripetal force 693 
defined 468 

SimFootball example 491 
freefall 665—666 

free body diagram 667-668 
frequency 661 

angular 651-652 

converting to linear speed 654-658 
defined 661 
Hertz (Hz) 641 
period 807 

simple harmonic motion 814 
versus period 642 

friction 403 

coefficient of 488 
defined 513 

energy conservation 574 
internal energy 551 
kinetic 487 
normal force 488 
calculating 489 
SimFootball example 484—492 
static 487 

torque and work 549—551 
frictional force 487—490 
calculating 497 
dependencies 490 

Friction Exposed 498 
fulcrum, positioning 521-522 
full revolution 168 

G 

Galileo’s Law of Inertia 403 
general equations 259 
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general physics principles 142 
geostationary orbit 751 
glossary 

acceleration 191 
amplitude 795 
angular frequency 661 
angular velocity 713 
area 91 

centripetal force 713 
circumference 661 
component 388 
constant acceleration 235 
displacement 191 
distance 147 
elastic collision 600 
energy 556 

energy conservation 556 
equation 147 
equations of motion 333 
falling 235 
force 435 

free body diagram 468 
frequency 661 
friction 513 
graph 147 

gravitational field 759 
impulse 513 
inelastic collision 600 
internal energy 600 
inverse square law 759 
kinetic energy 600 
mass 435 

mechanical energy 600 
momentum conservation 435 
Newton’s Laws 435 
normal force 468 
pendulum 837 
period 661 
potential energy 556 
power 600 
pulley 629 
Pythagoras 388 


radians 661 
radius 661 
scalar 191 

scientific notation 91 

simple harmonic motion 837 

slope 147 

speed 147 

spring 837 

substitution 280 

symmetry 333 

tension 629 

time 147 

torque 556 

trigonometry 388 

units 53 

vector 191 

velocity 191 

volume 91 

weight 468 

work 556 

gradient 120 

graph-drawing tips 116 

graphing results 114 

graphs 

acceleration-time 805-806 
acceleration versus time 293—294 
amplitude 786 
average speed 140 
calculating slope 121 
checking equations 300 
cosine 796 
defined 147 

displacement-time (see displacement-time graph) 
distance 120 

distance-time (see distance-time graph) 
distance versus time 122 
equations 114-115 
estimates 118—119 
extrapolating 220-221 
force-displacement graph 743, 816, 818 
line on 117—119 
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graphs (continued) 

outlying points 119 

plotting distance versus time 137—140 

reducing random errors 116 

representing the real world 240 

sine 796 

slopes (see slopes) 

‘something’-time 225 
straight line 122 

velocity-time (see velocity-time graph) 
velocity versus time 293-294 

Graph Up Close 
average 115 
extrapolating 115 
interpolating 115 
straight line 115 

gravitational attraction 8, 665 
gravitational constant 736 

gravitational field 442, 443 
defined 759 
lines 731 
moon’s 506 
strength 447, 731-732 

gravitational force 447-448, 455, 729, 732, 845 
between two masses 737 

equating centripetal force with gravitational force 
754-758 

exerted by a sphere 850 

gravitational potential energy 542-543, 565, 575 

gravitation and orbits 715-760 

acceleration due to gravity 728—729 
amplitude of orbit 858 

calculating force on spaceship at any distance from 
Earth 741 

constant acceleration 728 

equating centripetal force with gravitational force 
754-758 

escape velocity 726, 747-750 
force-displacement graph 743 
geostationary orbit 751 
gravitational field lines 731 


gravitational force between two masses 737 
inverse square law 735, 739—741 
light intensity 730—731 
mass of the Earth 737 

maximum gravitational potential energy 745 
period of orbit 857-859 
potential energy 744 
radius of the Earth 737 
spheres 719 
radius 724 

radius versus surface area 722 
volume versus surface area 722 
surface area of a sphere 720 
U = 0 at infinity 745 

gravity 7—12 

acceleration due to 231—232, 236, 286-287, 728-729 
cannon, firing 367 
torque and work 549—551 
trajectories 370—371 

GUT, checking equations 273 

H 

heating 552 

heavy objects, lifting (see torque and work) 

height difference 545, 546, 564 
potential energy 568 

Hooke’s Law 801, 838 

hypotenuse 775 



impulse 500-505 
acceleration 502 
defined 513 
force 502 
momentum 502 

index 61 

minus sign 69 

powers of 10, separating 81 

scientific notation 70 
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inelastic collision 588, 596-597 
defined 600 

inertia 404 

mass 404—407 

instantaneous velocity 213,233 
slope 213 

internal energy 574, 576, 596 
defined 600 
friction 551 
temperature 550 

interpolating 115 

inverse square law 735, 739—741, 844 
defined 759 



Joules 541 

K 

Kentucky Hamster Derby example 632—662 

kicking football 473-474, 500-505 

kinetic energy 565—585 
defined 600 
equation 580 
velocity 567, 570 
versus mechanical energy 576 
versus momentum 580—581 

kinetic friction 487 



launching object straight up 297 
length 25, 26, 82 
letters with subscripts 98 
lever 519-520 

lifting heavy objects (see torque and work) 
light 

intensity 730—731 
speed of 765 


linear distance, converting to revolutions 639—640 
linear speed 

converting into Hertz 641—642 
converting to angular frequency 654—658 

line on graphs 117—119 

M 

macroscopic scale 575-576 

mass 25, 26, 400, 442-443 

calculating with momentum conservation 429 
defined 435 
Earth 737 

gravitational force between two masses 737 
inertia 404—407 
large objects and velocity 402 
on a spring 805-806 
equation 809 
total energy 819 
proportional to volume 852 
related to force and velocity 411—417 
relationship between force and mass 443—444 

maximum gravitational potential energy 745 

measurements 

discarding 110 
inconsistent 110 
that don’t fit 110 

mechanical energy 575 
defined 600 

versus kinetic energy 576 
memorizing versus understanding 142 
meters per second 175 
microscopic scale 575-576 

momentum 444—445 
change in 422 
change of 420 
impulse 502 
total 418, 421 

versus kinetic energy 580—581 
momentum-impulse equation 580 
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momentum conservation 391—436, 512, 587—594 
as equation 421 
colliding objects 476-477 
defined 435 

elastic collisions 592-594, 596-597 
inelastic collisions 596-597 
lab experiment 410—412 
mass 429 

inertia 404—407 
maximum range 395—398 
Newton’s 1st Law 403 
Newton’s 3rd Law 422 
recoil velocity 409 
SimFootball example 475—476 
symmetry 398 
velocity 429 

moon’s gravitational field 506 

multiple measurements 104—106 

my Pod example 18—54 
converting units 34 
significant digits 45—46 

K 

negative index 69 

net force 447, 465, 845, 849-850 
acceleration 447 
calculating 844 
Newton’s 1st Law 403 
Newton’s Second Law 445 
perpendicular force equal to zero 489 

Newton’s 1st Law 403, 484, 520, 670, 678 

Newton’s 2nd Law 444—447, 469 
centripetal force 679 

Newton’s 3rd Law pairs of forces 453, 469 
SimFootball example 476-477 

Newton’s Laws 512, 841 
defined 435 

No Dumb Questions 
acceleration 182 
due to gravity 232 


acceleration-time graph 227, 297 
adding two vectors 418 
air resistance 859 
angle 169 

angular frequency and linear speed 656 
average 119 

bobsledding example 702,708 
calculator 81, 362 
cannon vehicle 417 
centripetal acceleration 
centripetal force 675, 678 
free body diagram 693 
checking equations 267 
coefficient of force 497 
colliding objects 477 
component vectors 483 
constant velocity 403 
contact force 456, 668, 670 
conversion factor 31 
displacement 156, 159, 182 
displacement-time graph 217, 297 
distance 119, 156 
Earth’s mass 738 
elastic collisions 593 
energy conservation 546, 578, 593 
equating centripetal force with gravitational force 757 
equations 99 
equilibrium 530 
error 43 

final velocity 243 
force versus torque 526 
free body diagram 456 
freefall 668 

frequency versus period 642 
friction 486 
frictional force 497 
full rotation 169 
Galileo’s Law of Inertia 403 
graph 119 

gravitational field 732 
gravitational field line 732 
gravitational force 732 
exerted by a sphere 850 
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gravity 12 

height difference 546 
impulse 505 
inertia 404 
initial velocity 243 
internal energy 576, 598 
inverse square law 735 
kinetic energy 566 
letters in the equation 99 
lever 520 
mass 417 

of a spring 820 
mechanical energy 

versus kinetic energy 576 
memorizing equations 319,329 
momentum conservation 424, 477, 483, 593, 598 
momentum versus kinetic energy 582 
net force 403 

Newton’s 1st law 403, 520, 670, 678 

Newton’s 2nd Law 447 

Newton’s 3rd Law 456, 477 

normal force 460, 497 

obviousness of problem 5 

outlying points 119 

period of orbit 859 

period of SHM 859 

potential energy 566 

precision 113 

prefixes 74 

Pythagoras’ Theorem 344 
radians 648 
random errors 113 
right-angled triangles 346 
rotational equilibrium 530 
scalar 169 
scales 453 

scientific notation 66, 74, 81 
seesaw 520 
showing work 303 
significant digits 51 
similar triangles 432 
simple harmonic motion 807 


sine 781 
sine wave 781 
SI units 26 

abbreviations 27 
prefix 27 

slope of the graph 125 
springs 802 
static equilibrium 530 
substitutions 257-258 
support force 453, 460 
symmetry 399 
tangent 219 
tension force 610 
torque 526 

trigonometric functions 359 
undulating slope 566 
uniform slope 566 
units and equations 267 
vectors 159, 169, 178 
adding 163 

in opposite directions 290 
velocity 178, 182 

versus displacement 217 
velocity-time graph 297 
volume versus surface area 722 

non-contact forces 455 

normal force 458—461, 704 
bobsledding example 697 
calculating 489 
defined 468 
friction 488 

perpendicular components 489 
normal number versus scientific notation 88—89 

0 

orbits (see gravitation and orbits) 

oscillations 762—796 
amplitude 786, 810 

angular frequency and angular speed 807 
cosine 810 

displacement-time graph 790—792 
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oscillations (continued) 

displacement vector 769—774 
right-angled triangles 774-778 
x-component 783—784 
force - displacement graph 818 
frequency and period 807 
frequency of SHM 814 
Hooke’s Law 801 
mass on a spring 819 
pendulum (see pendulum) 
radians 771 
right-angled triangle 
inside circle 775 
simple harmonic motion 806 
sine and cosine 779—781，785 
sine wave 781 
sinusoids 805 
springs (see springs) 
velocity-time graph 790—792 
velocity vector 793 

P 

pairs of forces (see Newton’s 3rd Law) 
parallel component 563 
parallel force component 461—467 
patterns 109 

pendulum 827-834 
defined 837 
displacement 831 
frequency dependencies 831 
simple harmonic motion 830 

perimeter of a circle 634 

period 661 
defined 661 
of an orbit 857-859 
of a wheel 641 
of SHM 853 
versus frequency 642 

perpendicular 

acceleration 461, 698 


component of a force 527 
components 462 
force 458—460 
force component 461—467 

physicist, thinking like 1—16, 839—862 
approximations 10 
assumptions 10 
being part of the problem 2-5 
intuition 6 
special points 6-12 
what happens next? 11 

physics terminology (see glossary) 

Physics Toolbox 

Acceleration due to gravity 236 
A fundamental equation of motion 281 
Angular frequency and angular speed 662 
Another fundamental equation of motion 281 
Be Part of It 16 
Be visual! 16 

Break down the problem into parts 630 
Calculating friction 514 
Calculations using scientific notation 92 
Calculations with gravitational potential 760 
Calculations with orbits 760 
Calculators 389 

Gan you use energy conservation 630 
Centrifugal force 714 
Centripetal force 714 
Choosing component directions 469 
Circular motion and SHM 838 
Comparing equations 838 
Component vectors 389 
Constant acceleration 236 
Constant velocity 236, 514 
Converting units of area and volume 92 
Cosine graph 796 
Difference in height 601 

Direction of velocity and acceleration vectors 192 
Dividing powers of 10 by each other 92 
Do an experiment 148 
Does it SUCK? 54 
Doing work 557 
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Draw a graph 148 

Elastic collision 601 

Equation of a graph 281 

Equation of a sine or cosine graph 796 

Equations of motion 334 

Experiment -> graph -> equation 236 

Falling object 236 

First what, then how 192 

Free body diagram 469 

Freefall 714 

Frequency and period 662 

Geostationary orbit 7 60 

Gravitational field 760 

Gravitational field lines 760 

Gravitational potential 760 

GUT check 281 

Hooke’s Law 838 

How many objects? 514 

Inelastic collision 601 

Inverse square law 760 

Is direction important? 192 

Lifting an object 557 

Linear and angular 662 

Mass on a spring 838 

Math with vectors 192 

Measuring angles 192 

Momentum conservation 436 

Momentum vs kinetic energy 601 

Multiplying powers of 10 by each other 92 

Net force 469 

New definitions for sine and cosine 796 

Newton’s 1st Law 436 

Newton’s 2nd Law 469 

Newton’s 3rd Law 436 

Newton’s 3rd Law pairs of forces 469 

Object on a slope 469 

Parentheses 334 

Power notation 92 

Proportion 436 

Pythagoras’ Theorem 389 

Radians 662 

Rates and slopes 148 


Rearrange your equation 148 

Right-angled triangle facts 389 

Rope and pulley 630 

Scientific notation 92 

SHM graphs 838 

Simple harmonic motion 838 

Simple pendulum 838 

Sine, cosine and tangent 389 

Sine graph 796 

Slope of a graph 236 

Solving centripetal force problems 714 

Solving problems that involve a slope 714 

Special points 16, 334 

Spot the difference 557, 630 

Spot the triangle 389 

Start with a sketch 192 

Stopping an object 601 

Substitution 281 

Symmetry 334 

The normal force 514 

The slope of a graph 148 

Think about errors 148 

Vary one thing at a time 436 

Vectors: positive direction 334 

Volumes and areas 714 

What’s it LIKE? 16 

What’s pushing me? 714 

Which equation of motion should I use 334 

Working out an equation or graph 796 

Working with forces and equations of motion 514 

Work out an equation 148 

You already know more than you think you do 16 
Zero net torque 557 
0) is your FRIEND! 838 

Plant Rocker example 798—838 

connecting spring constant with the frequency of 
oscillations 803-804 
displacement from equilibrium 801 
frequency change 822 
mass on a spring 805-806 
pendulum 831—833 
vertical spring 824-826 
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point on a curved line 218-219 

Pool Puzzle 

Powers of 10 77 
Solution 78 
Radians 649-650 
Solution 650 

potential energy 566, 567-570 
changes 744 
defined 556 
elastic 575 

force-displacement graph 743 
gravitational 542-543, 565, 575 
height difference 568 
maximum gravitational 745 

Potential Energy Exposed 746 
power 

button, calculator 61 
defined 600 
Joules 541 
notation 61, 92 

powers of 10 64, 78, 92 
calculations 81 
precision 113 
predictions 128-129 
proportion 430-433, 434 
protractor 168, 170, 348 
pulleys (see ropes and pulleys) 

Pythagoras’ Theorem 343-344, 347, 388 

V 

qualitative 121 
quantitative 121 

Question Clinic 

Angular quantities 660 

Ballistic pendulum 599 

Banked curve 711 

Centripetal force 692 

Converting units of area or volume 87 


Design an experiment 194—199 

Did you do what they asked you 146 

Energy transfer 585 

Equation you’ve never seen before 855 

Free body diagram 466 

Friction 499 

Gravitational force 二 centripetal force 758 

How does this depend on that 836 

Missing steps 387 

Projectile 376-377 

Proportion 434 

Show that 584 

Sketch a graph or Match a graph 331 
Substitution 275 

Symmetry and Special points 332 
Thing on a slope 467 
This equation is like that 813 
Two equations, two unknowns 533 
Units or Dimensional analysis 276 
Vertical circle 712 
Vertical spring 835 
Wheat from the chaff 166 

R 

radians 646-648, 661, 771 
angles in 648 
defined 661 
per second 651 
units 659 
working with 648 

radius 633—634, 661， 724 

centripetal acceleration 680 
defined 661 
Earth 737 

right-angled triangle 775 
versus surface area 722 

random errors 106 ， 108, 113 
reducing 113 
graphs 116 

range, calculating 430-433 
maximum 395—398 
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Ready Bake Equation 
mass on a spring 809 
pendulum 830 
surface area of a sphere 720 
volume of a sphere 851-852 

Ready Bake Facts 

gravitational force between two masses 737 
mass of the Earth 737 
radius of the Earth 737 
speed of light 765 

recoil velocity 409, 424, 427 

relative velocity, reversing 593 

restoring force 844 

results 

graphing 114 

precise without being accurate 113 
revolutions 633—634 

converting from linear distance 639—640 
fraction of 649 

right-angle 168 

right-angled triangles 340, 346 
adding interior angles 350 
displacement vector 774-778 
inside circle 775 
solving problems 364 

ropes and pulleys 604—630 

direction of rope movement 611 
energy conservation 620—626, 626 
pulley, defined 629 
slope and friction 619-623 

rotational equilibrium 528, 530, 534 
rotations 168 

rounding answers 39 
scientific notation 65 
significant digits and 42 

rounding converted errors 44 



scalars 157, 163 
defined 191 
speed 174 

scale drawing 342 

scales 453 

compressing spring 440 
producing measurement 439—442 
stretching spring 440 
support force 450 

scatter 110 

scientific notation 79-80, 91 
and small numbers 68-70 
calculations 81, 92 

with large and small numbers 76 
cubic meters 71 
defined 91 
estimating 70 
index 70 

large numbers 63—66 
powers of 10 64 
rounding answers 65 
significant digits 63 
square meters 71 
versus normal number 88—89 

seesaw 520 

shell, treating earth as 845-850 

significant digits 36-41, 50-51, 54 
right number of 51 
rounding 39 

rounding answers and 42 
scientific notation 63 
versus decimal places 40—41 

SimFootball example 47 2—514 
calculating normal force 489 
coefficient of force 497 
component vectors 480-483 
free body diagram 491 
friction 484—492 
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SimFootball example (continued) 
impulse 500-505 
kicking football 473-474, 500-505 
kinetic friction 487 
momentum conservation 475—476 
Newton’s 1st Law 484 
Newton’s 3rd Law pair of forces 476—477 
passing 473-474 
players slipping 509-511 
playing on moon 506—510 
static friction 487 
tackling 473-474, 481-482 
tire drag 473-474, 493—497 
triangle with no right angles 479 

similar triangles 432, 462, 536 
angles 352-355 
classifying 353-355 
ratios 354 

trigonomic functions (see sine; cosine; tangent) 
simple harmonic motion 806, 807, 842—845, 853—860 
defined 837 
frequency of SHM 814 
pendulum 830 

SimPool example 586—599 

sine 354 

graphs 796 

new definition 77 9-781 
relationship with cosine 785 
SOH GAH TOA mnemonic 357 

Sine Exposed 358, 787 

sine wave 781 

sinusoids 805-806, 809 

SI prefixes 74 

SI units 25, 26 

skateboarding example 604—630 

sketching out problems 

castle defense system example 345-346 
graphs (see graphs) 
scale drawings 342 


slope 120, 122 

‘something’-time graph 225 
calculating 121 
defined 147 

displacement-time graph 222-224, 295, 790—792 
equations 122 
graph 236 

instantaneous velocity 213 

negative 292 

object moving down 563 

positive 292 

straight line 218 

straight line graph 122 

tangent 218 

undulating 563, 566 

uniform 560, 563, 566 

velocity-time graph 226, 231, 291—294 

zero 138 

slope-calculating tips 122 
Slope Up Close 292 

small numbers and scientific notation 68-70 
smooth line 217 

SOH GAH TOA mnemonic 357 
c something’-time graph 225 

space station example 664—693, 726—760 

calculating force on spaceship at any distance from 
Earth 741 

centripetal force 674 
disappearing 678 
what affects size of 679 
constant acceleration 728 
contact force 668—673 
escape velocity 726, 747-750 
floor space 684-689 
freefall 665—666 
geostationary orbit 751 
gravitational attraction 665 
gravitational field lines 731 
gravitational field strength 731—732 
gravitational force 729 
inverse square law 735 
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light intensity 7 30-731 
rotating space station 678 

special points 841 

speed 101 ， 111, 190 

angular (see angular speed) 
average 140 
defined 147 
equations 122 
of light 765 

speedometer 179 

spheres 719 
radius 724 

versus surface area 722 
surface area 720 
treating Earth as 845 
volume 851-852 

versus surface area 722 
spread 106 ， 110 ， 112， 113 

springs 799-826 

connecting spring constant with the frequency of 
oscillations 803-804 
defined 837 

displacement from equilibrium 801 
elastic potential energy 816, 820 
energy conservation 816 
force - displacement graph 818 
mass on a spring 805-806 
equation 809 
total energy 819 
stretching or compressing 800 
vertical 824-826 

square meters 71 

static equilibrium 528, 530 

static friction 487 

steel ball-bearing 198 

stopping an object 571-574 
distance required 582 
straight line 115 

graph 122 
slope of 218 


substitutions 256—263, 308 
defined 280 

SUCK (mnemonic) 47, 53, 131-132 

support force 449-453, 609 
acceleration 453 
scales 450 

sword in the stone example 516-558 

symmetry 398, 841, 848 
defined 333 

systematic errors 106,113 

T 

tables 73, 109 
headings 109 
tangent 218-219, 354 

SOH GAH TOA mnemonic 357 
velocity vector 684 

tape measure 198 

temperature 

difference 552 
internal energy 550 

tension, defined 629 
tension force 608-615, 704 
terminology (see glossary) 
testing equations 251-252 

time 25, 26, 101, 108 
defined 147 

displacement - time graph 248-249 
total 140 

velocity - time graph 241—242, 248-250 
versus distance 122 

tire drag 473-474, 493—497 

torque and work 515-558 

direction of torque vector 529 
efficiency 553 

energy conservation 544—551 
height difference 545 
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torque and work (continued) 
energy transfer 542—543 

temperature difference 552 
force to displace object 538-541 
force versus torque 526 
friction 549—551 
fulcrum, positioning 521-522 
gravitational potential energy 542-543 
gravity 549-551 
internal energy 
friction 551 
temperature 550 
Joules 541 
lever 519-520 

perpendicular component of a force 527 
power output 541 

rotational equilibrium 528, 530, 534 

seesaw 520 

similar triangles 536 

static equilibrium 528, 530 

torque, defined 556 

work, defined 556 

zero net torque 525, 528, 530 

total momentum 418,421 

trajectories 367—390 
velocity 

horizontal components 371—379 
vertical components 371—379 
velocity and acceleration vectors 369 

treasure hunt example 150—192 
triangles 

adding interior angles 349—350 
classifying 353-355 
equal angles 352 
hypotenuse 775 

multiples ways of solving problems 379—381 
Pythagoras’ Theorem 343—344 
ratios 354 

right-angled 340, 346-347 
adding interior angles 350 
displacement vector 774—778 
inside circle 775 


solving problems 364 
similar (see similar triangles) 
standard 386 

trigonometric functions (see sine; cosine; tangent) 
velocity vector 793 
with no right angles 479 

Triangle Tip, sketch extreme angles 562, 624 

trigonometric functions (see sine; cosine; tangent) 

trigonometry, defined 388 

Try it! 

finding balance point of ruler 523-524 
horizontal and vertical circles 703—704 
throw ball straight up in the air 371-372 

u 

U = 0 at infinity 745 
uncertainty 43 
undulating slope 563, 566 
uniform slope 560, 563, 566 

units 22,53,54, 109, 111, 198 
acceleration 227—228 
changing during problem 34 
checking equations using 265-273 
circular motion 644—648 
conversion factors 29 
converting 130—131 
defined 53 
radians 659 
shorthand 175 
(see also SI units) 

V 

variables 99 

experimental setup 411 
vectorizing equation 211 

vectors 157, 163, 187 

adding 159, 162-163,418 
adding arrows nose-to-tail 157-158 
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defined 191 
direction 288-289 
displacement 769—774 

right-angled triangles 774-778 
x-component 783—784 
velocity 174 
versus scalars 188 

velocity 174—179, 187, 210—211 ， 227-228, 841 
acceleration 180-182 
angular velocity (see angular velocity) 
average (see average velocity) 

calculating using energy conservation and height dif¬ 
ference 569 

calculating with momentum conservation 429 
centripetal force 684 
constant (see constant velocity) 
defined 191 

duck-shooting competition example 789-793 

equation 244, 246 

freefall 666 

graphing 293—294 

instantaneous 213, 233 

kinetic energy 567, 570 

large objects 402 

launch 321-324 

launching object straight up 297 

opposite direction of 288-289 

recoil 409 

related to force and mass 411-417 
relative, reversing 593 
trajectories 369 

horizontal components 371—379 
vertical components 371—379 


vector 684 

versus displacement 212, 217 

velocity-time graph 230—231 ， 241-242, 248-250, 297 
790—792 

slope 226, 231, 291-294 
volume 71, 72, 82 
defined 91 

proportional to mass 852 
sphere 851-852 

¥ 

weight 438, 442—443, 455 
acceleration 447 
defined 468 
gravitational field 442 
mass 442 

vector components 462 

zero perpendicular acceleration 461 

WeightBotchers example 438—470 

weightlessness 668 

work (see torque and work) 

z 

zero net force 528 

zero net torque 525, 528, 530 

zero perpendicular acceleration 461 

Zeros Exposed 52 

zero slope 138 
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